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•+:': 1.0 INTRODUCTION

'-+..... 'I. 1 SCOPE_"-"t"_C

:. __..
This document presents the preltmlnary reliability

analysis results for the 75K NERVA Full Flow Engine. Included in this

report are allocatlons and predictions, system failure modes and effects,

single failure points, models, and trend data. This document updates

and supersedes the Initlal draft of Data Item R-202 issued in September

1970.

The details of the reliabIiLty analyses for the non-nuclear

subsystem (NNSS) are described herein. The analysis described Is based on

Flight Engine Flow Diagram 1137401, Revision F. The details of the

relIabillty analyses for the nuclear subsystem (NSS) are presented in the

NSS Rellabillty Allocations, Assessments and Analysis Report, WANL-TME-2770,

dated Februaz T 1971, and are based on Flight Engine Flow Diagram 1137401,

;=+ii_l Revision D. Brief Summaries of the WANL results are included In •appropriate
• _+ •

=-+;.+:_," sections of this report. !

, ;_::! This issue of Data Item R-202 is divided into three ]

•=_ *,, volumes for ease of handling and to more easily accommodate future revisions.

_ Each volmne is devoted to a particular phase of the system reliability

! .:, engineering activity.

.... :++ Volume I - Reliability Model, Predictions and Allocations

i,"

: :_, Volume II - System Failure-Mode Effects & Criticality Analysls

..... °+: VolUme III - Trend Data
_v:,}

_:_:_ Failure mode analyses_ math n_dels, and reliability assessments for the_-_,_

_-+°i_+:' individual components of the NNSS are being prepared and will be issued

-..!., initially as a part of the Component Design Reports which are used to support

+ _ Detail Design Review.

:Yp" (

• +%!.: This volume of Data Item R-202 contains an initial

.. reliability assessment of the NERVA Engine. Section 2 contains an

o
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_:._,"" overnl"l sugary of the tellability status o-_ the engine system::!b.;_.

_""'_,,_,_;.._., including the reliability allocatio_s £or each major subsystem

_-:_'_!_ii, or component of the engine and the current reliability predictions based

_,_:- upon initial reliability estimates of the failure probabilities fork- _ ._"

"--:_,',,_._, component failure modes. Section 3 describes the reliability model, the
!=:iiii!i
-_ assumptions used in allocating the reliability requirements to the

_=i_,,_, indivldual components of the NNSS, and the detaiied allocation and

_iS ! prediction.results by component failt_re mode and criticality of failure.

i-:_'_: Three appendices are provided which discuss the derivation of the component

failure rate est_unates, exact versus approximate _ellabillty models, and

i reliability predictions for structures exposed to multiple cycles of

operation.

A detailed description of the NERVA engine and the .:.i
operational phases that constitute an engine cycle are contained in

Volume II of this data item.

• ": I. 2 GENERAL APPROACH

_,.
_i: The NERVA reliability program as defined by the Reliability

_._.,°:' Plan, Data Item R-101, establishes the design and analysis approach to be

i _i! followed in achieving the high reliability required for the N£RVA engine.

_,,,_,,',, The reliability methodology defined necessitates a probabilistic determination

• _,: of design success based on analysis of all recognized ways the design can

_i,iil!,iI, ° :°"! be anticipated tO fail.

• Failure mode analysis is the principal analytical tool in the

_'_.'_;i probabilistic design approach. The analysis process is' initiated with the

_'i system-level failure-mode effects and criticality analysis (FMECA) to

_-:" "I determine system effects and interactions and to provide a basis for

_. I selecting component concepts that preclude critical system failure modes.

The basic objectives of the system-level F_CA are (1) to assess the effects

of failure on operation of the system, (2) to assess methods of control or

isolation within subsystems, and (3) to provide the basis for subsequent

/ 1-2
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_ component FMA's. The analysis assures a systematic and detailed review

of alZ possible system effects that result from component failur .

: Concurrent with, and on c_mpletion of, the system-level

_ analysis, the component-level failure-.mode analyses (FMA's) are initiatedi,

_ by the designer to determine the causes of failure within components and

_ to determine the inherent design reliability estimates, At this level

i!,. the engineering disciplines, such as stress, materials, radiation, thermal,

_i_ quality assurance, are actively included
instrumentation and controls, and

; in the analysis process. Probabillstlc analyses are conducted on selected
!-y

!_ critical causes of failure identified in the component FMA.

:. Compoz,ent failure-mode analysis (_R4A) is a major portion

_! of the reliability program for the NERVA engine and is the primary tool

i'_= whereby _eliabillty can be an effective design parameter. A component

: FMAsupple_ _s the FMECAby identifying and assessing the probability of

'_ occurreL -__. possible means by which a component can fail from a physlcal

_ or structura_ standpoint. It is also a systematic procedure for identifying

the primary causes (mechanisms) of each mode of failur_ and eliminating from

_ further consideration _hose that have no adverse system effects as Judged

by the FMECA, or those that, in engineering Judgment, require no detailed

._ analysis because margins of safety of the mechanisms of failure-are
_, •

inherently high. The llkellhood of each selected crltlcal mechan/sm of

?. failure is assessed by testing and/or is analyzed in terms of "failure-

_/ causing stress" arid "failure-reslstlng strength." The stress-strengthy

analyses Include considerations of structural, electrlcal, performance,

/ dynamic, and environmental stresses and strengths as well as foreign

. influences such as contamination. The nominal levels and expected variations

_ in these stress and strength values provide the means for assessing the

'= probability of the design concept performing without physical failure.

' k_. t
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_ I,3 RELIABILITY REqUIRF_NTS

_ii The NERVA roliabillty roqulremont contained in the

_!_ Euglne Speclflcatlons CP-90290C, specifies:

_; "The englne system shall be designed to satisfy all normal

< mode performanc W endurance, and useful llfe requirements under the environ-

:_' mental conditions set forth in th/s specification with a probability of

0.995 ...... In addltlon, the engine shall be d_slgned such that the

iii probability of Category IV system failures occurring during any single

_'[_ normal-mode operating cycle with ten (i0) minutes at steady state and con-

_, slderlng all engine operational phases including a 100-day coast period

_ shall not exceed I x 10-8.

"The system reliability analysis for spa,,, ,pilcetlon

shall be based on ten (i0) missions, each mission consisting of SiX (6)

engine cycles including all phases, and each cycle to include ten (i0)

minutes at the normal steady state phase. The time between missions and between

engine cycles shall be co_slstent with the space service llfe ...." of three

O) years.

_i l!

_ii, .....The overall engine rellabillty assessment may take
_ credit for repair or replacement of the l&C system computer between mzsslons .

_il (aS defined above) provided the computer is located forward of the remote

:!_oi interface plane (Engine Statlon 0.00)."

The numerical reliability requirements stated in the first
!
: paragraph above have been apportioned to the engine system as shown in

Figure I-I. This breakdown, though somewhat arbitrary was made based on early

predictions of the relative failure likelihoods of the nuclear and non-nuclear

Subsystems and on, the relative significance and likelihood of single and

double Category IV failures in the non-nuclear subsystem.

:_}:'!i_'_ WANL did not use the above requirement in performlhg the
,:,_,, reliability allocation to components of the nuclear subsystem since this

_ requirement was not established until after issuance of the NSS Reliability

i!i_., Allocations, Assessments and Analysis Reports WANL-T_E-2770. Rather, the

£' ,:1
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+_,,"_+- +- .....

+:ii

_:_; following statement was used in preparing the NSS compot .It allocatlor s.

"it'

_i "Redundancy applied to preclude directly the effect of
_: critical single failtuces shall not be credited to achievement of the

-'._ engine reliabllity requirement. Having precluded the departure from nori_l

___ mode performance by use of redundancy to ci_cmnvent the effect of critical

single failures, the use of additional redundancy internal to components

i and parts may be credited to the NSS reliability requirement of 0.997". i

_I Since NANL used the same definition for an engine operating

cycle _s is used hereln_ the major differences between the two reliability

statements pertain to the way in wb/ch component redundancy is treated and

the addition of a separate designation for the Category IV failure probability.

A re-allocation to NSS components based on the new reliability requirement

_rillbe contained In a subsequent,issue of thls data Item.

"t

_i Nhile a complete glossary of terms is presented In NE_VA
;; _liablllty Procedure ILI01-NRP-307, certain definitions are essential In_.'v:

=.?, understanding _ubsequent sections of thi_ report. A FAILURE Is defined as the

£nabillty of a material or part to perform e required function within

i)':!}' speclfled l£ml_s. A FAILURE EFFECT lea descrlptlon _ the expected change

_'_:'. in operation that can be attributed to a failure. A FAILURE HODE Is the

_"_ description of the presumed way in which a component or part ceases to perform

_;_ " an intended function within design performance limits. A FAILURE HECHANISM

,:.: is a description of the physical process that results in a part or equipment
2;.,

_ fallure mode, A component failure mode has some initlal effect on a subsystem,

_':: This subsystem mode of failure may be isolated or compensated for to result

:--"i"d- in a ftuaZ subt_ysCem effect. This subsystem failure results in some engine

_f", effec_ that can be discussed as an engine mode of failure. A mechanism of

.._+ failure is usually reserved for detailed component failure-mode analysis

,.:_' where specific causes of failure of component parts are being analyzed

_S 1-6
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To provide a basis for comparing the criticality of

component failure modes, FAILURE EFFECT CATEGORIEShave been establlshed,

These categories are defined as foll_s:

,; CATEGORYi - Failures which produce no significant performance or safety

degradation of the system_ allow continued operatlon In the normal mode

throughout the rated engine llfe and do not result in the addition of

i_ Single Failure Points to the system.

i,!
i_ CATEGORY II - Failures from which the engine can recover and still meet its
) normal-mode performance and service llfe roqulrements by switching to or

k,i
d reverting to a recovery mode,..bu.t_lich do.result in the addition of one or

_ more Single Failure Points to the system, Failurbs in this category arc:4_7

:_ further subdivided as follows:

.... IIAA- Failures which degrade the safety cf continued operations,

but _hlch do not produce transient ef£ects and,.at the time of failure, de

_ not require auto_tlc or manual action for the recovery mode Failures

of safety systems and standby-redundant components £all within this ca;egory,
t.

:_: __lIB- Failures which are compensated for automatically by the normal

' control mode or which produce transient effects which can b_.tolerated by the

system and which permit time for human Judf,ement to be e:'crcisedon the method

: and desirability of the recovery mode, Failures which require the functioning

'_, of safety systems or redundant component_ to preclude Category IIIB effects

i fall within this category,

:i'. IIC - Failures which req'Jlreir_ediate malfunctlon detection and sub-

..; sequent action to remove or lessen the transient effect and to preclude 3ystem

i damage. Switching to the recovery mode is usually accomplished automatically

;I_; by the malfunction detection system or by the engine control system, Fsllures
'I

,' which require the automatic functioning of safety systems or redundant
"b,

,! components to preclude Category IV effects fall _'Ith;.n this category.

i

"i"

I 1-?

!,

/,_'%

00000001-TSBO3



_-_. CATEGORYIII- Failures which result In inability of the engine to meet
_-_

_, its normal-_ode performance or service-life requirements but which allow

_ Emergency Node Operation or Single Turbopump Operation. Failures in thls

_.,., category are further subdivided as follows:

i,I,

.... IlIA - Failures which _lulre Siugl_ Turbopu_p Operation.

_'?: III___B-Failures which require Emergency Mo_e Operation.

2 CATEGORY IV - Failures which result In direct Injury to the crew, endanger
:f

:', the earth's population, or damage _he :_pacLeraftor other stage modules upon

., which crew survival depends, a_d/or which preclude Emergcncy Hode Operation.
r'

This category includes failures which produce one or _ore of the following

_, system effects:

i:= (a) Uncorrectable thrust vector mlsalignment.
,q

.). (b) Loss of thrust to l.essthan that requlr_d to effect E_erRency Node
_ Operatton.
i,

.4 •

•--:*:. (c) Inability to reduce thrust or unsuccessful _hutdown and/or cooldown
. which precludes engine restart.
L:

: (d) Unsuccessful startup to attain thrust equal to or greater than that

i' required for Emergency Mode Operation.
I,

_.",; A SINGLE FAILURE. POI,_;T is defined as any sln_,le mode of failure that can be

i attrlbur.rdto one or more specific mechanim_.qat the part level that results
i--*J,

l, # 4

,: in the i_ab,_i_y of the engine to meet its normal performance and service life
' requirenents. All such modes of :'silure are assigned eitker a Failure Effect

'_" Category I[I or IV.

ii'i
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: 1.5 APPLICABLE DOCL_IEX_S

2/;

[ :i::7 The following documents were used as a source of require-

! ' ments or Information, or for guidance in the preparation of thls data

=.i,i/i /tea.

_-,_:"_: R-IQI, Rellablllty Plan

_,:_" $-019, NERVA Safety Plan? .,_.

,_,, S-I03, Flight Safety Contingency Analysis Report

I[_ S-O01, System Analysis Summary Report< ,

:_ C002-CP090290C, '._ERVAEngine Specification

__iI" SNPO-C ST-I, "',_ER_AEngine Specification Tree, Revision H

,_" I_OI-,_RP-300B,S::atem Fallure-Hode Effects and CrltlcaIity
Analysls for the NERVAEngine

,:,_ _IOI-NRP-303A, Re.llabilltyApportlonment
a,,

'_. RIOI-NRP-30?A, _lossarv of Reliability Terms

t

.,: PJOI-NRP-4OO_ railure Rate Derivation

"_- RIOI-:_RP-506,Identification and Control of Trend
, u •, (_haracterlstlcs

;!

:.:: A_SC Dwg, N_. 1137400, Revlslo'. Es 75K NERVAFli_htL:
}.. En|Ine Layout, Full Flow
t,1

:: ANSC l_g, No. 1137401, Revision F, 75K NERVA Fllght

i'" En|ine Flow D/_llrem

L;

,o
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i_,_ 2.0 SU_4ARY
ic ,

_._o_" Thl_ section contains an overall sunmmry of the reliability

_;i_: ! predictions and allocations for the t_RVA engine. Table 2-I summarizesii_ i the allocated and predicted values for the 60-cycle rellablllty and l-cycle
_::o{ Category IV failur_ probabllity for both the nuclear and non-nuclear sub-

_:_'! systems. The number of Category III and IV slngle failure points are also
!.. _ listed.

-u _ A comparison of the predicted aml allocated rellablllties for the

; ,. NNSS _hows that the prcdlcted failure probability for this subsystem must

•" ;i be reduced by a factor of approxlmately 335 in order for the NNSS to achieve

___j.!: its reliability goal. A similar comparison for the NSS shows a rcductlon

:; {: factor of 27 is required. A comparison of the predicted and allocated
' Category IV failure rrobabllltlgs for the NNSS shm_s that a reduction factor,o'I,

,.,_ '_
_-_J of approximately 140,000 Is needed,

,, ,. The major contrihutors to the very low rellabillty prediction for the
Q,

_.,:: NHSS are the single Category IlIA failures associated with each propellant

_":, freedsystem leg and the double fallures In the I&C _ubsy_tem _htch lead to

" " Category IV system failure. The contributions made by _hese tee subsystems
• ,Y

to the predicted tmrellability of the _SS are approxlmately 42Z and 33Z
k ',':

_ respectively.

_ _i Table 2-2 _ummar:_es for each major component in the non-nuclear sub-
_ ; system the allocated and predicted values for the 60-cycle rellabill_y and the

_. ,'_ l-cycle failure probability based on consideration of all Category If, llI and

_!_!: IV failures. Table 2-3 summarizes the ,_SS component allocatlons by failure
-\ effect category. Each of these tables llst the components in ascendln_ order

i:!, of total allocated reliability.

! ., i

i "
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TABLE 2-1

NERVAENGINE RELIABILITY S_IARY

NNSS NSS

RELIABILITY (60 CYCLE)

ALLOCATED .998 .997

PREDICTED .33 .92

CAT. IV. FAILURE PROB.. (1. CYCLE)

ALLOCATED .087 .083

PREDICTED .021 (tbd)

SINGLE FAILURE POINTS

CATEGORY Ill 81 17e*

CATEGORY IV 47 15"*

| J

* Subscript refers to number of zeros that precede the next digit,

e.g., .031 =.0001.

*_ The NSS single failure point count does not reflect the total
n_ber of SFP'e in l_ke or redundant components. For example,
though there are 18 control drums, _he failure mode "controi
drum fa&le in place" is counted as only one SFP.

.o....i " '.... 00000001--""'""/bl_UC
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:- 3.0 RELIABILITY ALLOCATTON AE_D P"_DICTION

: This section describes the methodc, logy used in the apportionment

of the NNSS reliability requirements to the component failure-mode

level and summarizes the allocated and predicted rellabilltles that

result from the apportionment process.
_i

Reliability apporClonment is defined as the process of determining

• the subsystem and component reliability allocations from the system

rellabillty allocatlon. The system rellabillty allocatlon has been

specified prevlously in Figure 1-1.

The purpose of reliability apportionment is to establish numerical

' rellabillty goals for each component design base@ on overall system reliability

,-_ requirements, criticality of component failures and relative difflculty between

component designs. Apportioned rellabillCy values are developed for each

l subsystem and component llsted in the NERVA-engine specification tree,
'i

FigUre 3-1. These apportionments or allocatlons are made a part of the

requirements generated by systems-englneerlng personnel and eventually are

incorporated in each design specification. The inltlal allocatlons derived

in this report will be reviewed and revised, if required, to r_flect unforeseen

: problems with components. Components whose initial rellablllty allocations

appear too high b_cause of unexpected difficulties may be reallocated lower

values at the expense of components for which no undue difficulties are

.. experienced.

:: Reliability predictions are t_e numerical evaluations (or estimates)

of the capability of systems and components to perform their required

functions without physical failure. They provide a basis for reliability

• '- apportionment and a measure of the capability of a design to achieve its

": objectives. Early predictions are a consideration in design selection

along with such other attributes as weight, cost, and performance.

_ . Reliability predictions also provide a means of determiutng potential

"" reliability problem areas and of guiding design trade-off studies.

3-1
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Q" The reliability predictions are developed by using mathamatlcal

_,_._ models,. Predicted component reliability values are provided as input
to the models, re_ultlflg in system or component network predictions.

,._,,_r_,. The system or network predictions are then compared with reliability

='!!_,: requirements to dete_mlne the extent to which the requirements have been

/_ satlsfled.

3.1 RELIABILITY MODEL

The purpose of the reliability model is to p_ovlde a means

to integrate all identified failure modes with their probabilitles of

occurrence and to develop their functional relationships to estimate the

probability of success for the engine system. The basis for the model is

the failure-modes and effects analysis contained in Volume II of this report.

This analysis assesses the effects of componen_ failure modes on syste_ _ +

operations. Once developed, the engine mathematical model iS used for

reliability prediction and apportio._nent during the design stage and foz

rellabiliEy assessment during the development stage.

3.1.1 Ma}h Model Development

3.1.1.1 Series and Parallel Systems



7; !

,=_i"

- _,, where**
i_<'

,-?!

_i: RSS ffi series system reliability ,

_i! RI - reliability of the ith element

=_i I - total number of series elements in the system

N = number of system operating cycles.

Since the reliablllZy of each element can also be expressed as,(l-pl)

where Pl is the element failure probability, Equation [i] may also be
written as

I '.
. N

RSS _ _ ti-Pl)". [21
f

The expansion of this expressfo_ results

tn
t.

;i pi2_
_" = H(I-NpI + ...), [3]
. RSS i 2!

.:"_ which, for values of RSS very close to I can be approximated by
'L:

--- ': % I

i_ _ I-N _ for (I-Rss) < 01. [41--"_';" RSS PI* - "
i=i

[ •

%',,. ,

For example, if Pl = "062 ' N ffii00 cycles and I = 500 sezies elem_ _ts, the

,_- series system reliability from Equation [2] equals .990'05and from Equation [4]

,',.: equals .99000.

" A parallel system is defined as one

'2i which is comprised of . group of elements, each of which must fat1 tn order

,J to fail the system. Mathematically _he reliability of a parallel 2-element

I_'-_ system operatcd over N cycles is ezpressed as

., _: * .062 _ .0000002

,:_: 3-4
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= (Z-pz)Z_+ (1-p2)z_- (z-pz)N (1-P2)g. [el

In this case, if the element rellabllltles RI, are very close to one so

that the higher order terms (third order and higher) In the expansion of [6]

can be neglected, then Equation [6] reduces to

Rps _ I-N2pIP2, for NPI and NP2 _ .01. [7)

For example, if Pl = P2 = "031 and N - 100, _he parallel system rellablllty

i; £rom Equation [6] equals .9401 and from Equation [7] equals .9400.

3.1.1.2 NERVA System Model

The reliability model for the NERVA

system has been formulated assuming that the system can be represented

by a series of both £ndividual elements and parallel 2-element systems,

i.e.,

•
F1(R) r 1(.l )j.-I

,,+,: Z_ss n (eps)J+ j

Thus, the system rellablllty, R, is

R = RSS ]] (RPS)j, [8]

_o",

_".:', which by substltu_on of Equations [_] and [7] becomes

__: [1-N 2(plP2)j1_' +::i R + [Z-N Z pl] n .. 19]
+ > ,31.
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YI",_

_:,. Since the approxlmatlons for RSS and RpS are valld only when the rellability4'

:-_" Talues are very close to i, Equation [9] will be applied to allocated

:_::_:: relLabillties only, which for the h.T_RVAsystem, satisfy this criterion.

._i_ Thus, redefining Equation [9] in terms of allocated _omponent failure-mode

_:_'i probabilities/

_,_ Ra _ [I-N _ (qa)l] g [l-N2(qalqa2) ] [I01
t j

where:

Ra = allocated syntem rellabillty for N cycles.

(qa)i " allocated component failure mode prob_bi.lltles

for failure modes which can individually fail
&

"I the system.

_",. (qalqa2)J = double failure probaLtlity for co,_btnatlc;ns uf
alloc_tcd component failure modes which can fall,. ,?

-:'" the ,_yst era.

';' By expansion of Equa_ton [10] and neglectt.t all higher order ter_s, the

',; aystc= reliability reduceJ to
",,,

,' N2 (qal%2)j:" R g I-N E(qa) - E . [11]

=iii,i:ii: a i i j
'L,•

.:,,_ Thus the system reliablllty can be interpreted as being approximately equal

....:' to 1 minus the sum of the failure allocations associated with all single

:,!. and double component failures that cause system _atlure. Appendix B shows

';'::_: the valldlty of this approximatlon for a number of slmple systems for

,":; which exact reliability models have been derived. In every case, excellent

il agreement is shown between the approximate _odel described by Equation [11]

i_, and the exact system _odel contained in the appendix when the product of
, ?i'!

_'i:!i the nuaber of cycles, N, and the failure probability, q, for each failurei
i::; mode 1_ less than .01.
):!
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3,1,1.3 Allocation Factor

The component allocation factor is

defined as the ratio of tlle predicted one-cycle component failure mode

probability to the allocated one-cycle component failure mode probability,

i.e.,

ql
A = ------ , [12]

(qa)i

elm re:

A = component al]ocation factor which is constant tot all i

ql= prcdlct_d one-cycle component/aLlure n,ode probabil Sty.

This quantity is a direct measure of the factor by which the predicted

failure probability of each component failure mode must be reduced to

satisfy the NERVA nystc_ reliability allocation°

Using the above definition, the NERVA

system model can be expressed In terms of predicted failure probablllties

and the nl]ocation factor, i.e.,

N N2

Re" I" A _ qi " A_ (qlq2)J ' [13]

Since the allocated system reliability (Rs) , the number of cycles (N),

and the predicted slnBle and d,_uble failure probabilltle_ [qt and (qlq2)j]

are known or can be readily determined, Equation [13] ca_ be solved for the

allocation factor A and then the all_cated single-cycle component fallur_-t_ode

probabilities can be determined from Equation [12]. These in turn are used to

calculate the ,_-cycl_ allocated reliaoilities for each component failure mode.

When the sy,_t_ reliability is o,,_-,_t_.d

by ainsle failures, the double f_ilure term of Fquation [13] can be ne'1,,cte_

with the result that the a11ocatlon factor can be approximated by

A _ ?: £ ql , for single failures ti_)

I-R s
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Similarly, when the system reliability is dominated by double failures

I/2

HIT, (qlq2)j ]
At J . for double failures. [15]

[l-Ra]l/2

Another useful expression is the

relationship bets,'een the predicted sy_ter_ rcliablllty, the allocated

syst_,_ reliability, and the allocatic, n factor when only sinRle failures

are Involved in the reliability calculati¢,n. This relationship will

be uscd in subsequent sections co calculate the predictcd reliability of

the syste_ alter tileallocation factor has been deternlned.

Since the rellahillty for a serlcs

nyntem is

]NRa- _I [+-(qa)i , It6]i

then

RA _ (I- qi.ANa " X-J . [17li

but

ql )A
(I " T" ; I - ql,for qi _ .01. [18]

so that.

(_a) ^= _ (;-ql) N. 1191l

The rlRht hand side of this equation is the _xpresslon for the predicted

system reliability. P,p. Con__equently.

,_ Rp I(Rs) A, for single failures vhen ql -< .Of. [20]

3-8
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As an examples consider a system which has a 10_-cTcle rellablllty

r@qulrement of .998 and which consists of 10 components each of which

has a slngle-cycle failure probabillty of .001. From Equation [14],..

I00 x I0 x .001
a = = 500.

1 - .998

Thus, from Equation [20]

Rp _ (.998) 500 = .3675

Tho exact values for the predicted and allocated system rellabllltles

using an allocatlon factor o£ 500 with tho stated component failure

probabJllt]es are:

R , (1_.001)10 x 100 . .3677
P

I0 x I00
.001.

Ra " (1- 3-6-CiJ - .998002

These values are in excellent _greeme_}t with the approul_te values given

aboYe.
e

).1.2 Assumptions

The aCquaptions used in performin| the reliability

allocation to the engine component failure modes are listed below:

a. An sabine cycle consists of I0 minutes at full thrust, 53 hours of

c¢old;wn end 385 hours of coast. 60 cycles comprise the space service

life for the enslne.

b. It is s_sumed that failure probabilities associated with periods outside

of the spa_.e service life of 3 years are nesliKible in comparison to the

fellure probabllltles during the space service llfe; consequently the

:; failure probabilities durln8 these periods vere not considered in the

!i model n_r in the failure rate predictions.

: 3-9
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.- c. There Is no allocation made directly to performance parameters,

e.g., thrusts specific Impulse, state points, etc. The specified

performance limits provide estimates of the mean and standard deviation

of tt,e performance attributes. These parameters are used In stress/

£; strenllth calculations and therefore Imve a direct effect upon

: probabilities of occurrence of various failure modes. Consequently,

! If a perforr_ance par_cter lies outside of its specification llmlts,

i_ Its effects upon rellability will be ass;sscd, floweret, the "failure"

[ of a performance para_ter to remain within specified limits does not

i in itself constitute a reliability f_ilure.

i
d. The following tlues are ass,el.areal wlth the ,'NSS valve positions and

i control _ode_l

' _[_:/ESClSE CYCt.t: (:_I:;t'TES)

EU:c:'rRo:ucs
ACIl'A'fOlt CLOgFw} OPE:; CONI:ROLL1'.r_ ON-T 1.I.

! PSOV 262_2 18 - 60
FIhtVA 26262 18 - 60
PblIV 0 26280 - 7
PI1CV 0 26280 ? . 7

•_'- TBV 26262 ] 8 - 60
TDI}V 26262 18 - 60

:: I'.CV 0 2(,264 16 16
,_ BgV 0 26280 - 60
: CSOV 23100 3180 - 3180
.i CSCV 26210 15 $5 3180
_ SSBV 11 26269 - 33
J

! e. Checkout o{ all enslne valves except the PSOV_s, PDKV's and CSOV's

: is assumed to occur prior to the start of each engine cycle. The

." efEects of this checkout are Included in the predicted slngle-cycle

_i valve failure rate.

. 3-I0
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1

f. The electronics associated with each valve/actuator are included in

the reliabillty allocatlon for the valve/actuator. The block diagram

:, and the predicted "on-tlme" failure rates far the actuator electronics

.@re •

; ),(hr "1) = .0783 = .060 - .%127 = .052G

.i: Thuo t|,_.'t_tal '°(m-t|t;_'"failure,race.for actuator clcctronlc_ is

_,. i0-6 hr "1v 16, 2 x .
.!'!
I.

.f.

._.._,, i. The ratio o._ the on-time to off-tlme failure rates for all engim_

•" electro,lea i_ ass_uned to be I0.

_; h. The total on, ,me failure rate far actuator electronics is apportioned

." to the actuator failure modes as follows:
4

'" Fails to control or fails in place 70Z

Inadvertent open 15_[

Inadvertent close I$Z

IOOZ of the off-time failure race £s apportioned to the act_tor

failure mode of "fails in place."
!

" I. The drive_s and A-_D amplifiers for the control drums and SSCV ere

,_ • part of the W&qLallocation.

J. Structural failures of lines, nozzle, thrust structure, gimbal,

' , pressure vessel and valves that cannot be attributed to low cycle

fatigue are given a single failure probability vhich is independent

" of time or the number of engine cycles performed. The Justification

,_,.: for this approach is given in ^ppendlx C.

3-11
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"*-" 3, 2 ANALYSIS

i:,. 3,2.1 Failure _ode Probabilit)" Predictions

.... The NNSS component failure modes identified in
q

the System F!_E.CA,Volume II, are llsted in Tables 3--1 through 3-6 by maximum

, failure effect category.. These tables also list the predicted and allocated

' " failure probabilities, and the allocated reliability for each failure mode,

The predicted failure probabilities were obtained using the failure probability

_' estimates derived in Appendix A in conjunction with the assumptions given in

:. tile previous section, For example, Table 3-1 gives the total predicted single-

_ cycle failure probabilltv for failure of tilePDKVA to move from its full'.'E"

:: open position ao ,%341, From Table A-I the non I&C valve/actuator failure

probability for this mode is 30 x lO'6/¢ycle. The I&C contribution is obtoined

' using assu_ptions d,, f,, and h, of Section 3,1,2 as follows

'f

= 18
i qi(l&C) 6-_x (16,2 X lO-6) X (,70 + ,15) = 4,13 X lO'6/cycle,

The sum of the non-l_C and I&C probabllltleq gives the total slngle-cycle prediction

• listed in Column 5 of Table 3-I. This process was followed for each of the

;" failure m_,des llst,.d. The quantl_y ,_lql Riven in Culumn 6 wau calculated using

'. Hi = 60 for all failures encept structural failures for which Ni was assumed
equal tu I in accordance with assumption J of Section 3,1,2,

3.2.2 Categor_"Ill SinRl( Failure Allocat[ons

Figure l-l establishes the NNSS 60-cycJe reliability

as .998. Thus the probability of system failure must not exceed .002, By

.- definition system failure includes all Category Ill and IV fallures; however,

• since the required failure probability for Category IV failures is very small

'," (< ,7 x 10-8 per engine cycle), the Category IV contribution to the system.#

unreliability can be neglected. In addition, as will be shc_n in Section 3,2,t,,

the probability of double failures whlch combine to 81re a Category Ill failure

. effect can also be neglected, Therefore, the system unreliability of ,002

" can be assumed to be the sursnatlon of all Category Ill single failure vrobabllitles

in the systemt i,e,,

T l[. .l'Ra " A i Hiqi llI

3-12
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From Tables 3-4 and 3-5, the bracketed term in this expression is equal to

, [z .lqll - .4s7+ .133[I III

= .620

Thu_. the allocation factor for Category Ill failure modes is

,620
A = -----------= 310

I-.908

1him f_lctor was used to compute all the C.tegory III allocations presented tn

Tables 3-4 and 3-5.

3.2.3 Catc_o:v IV Stnglo failure AllooAttot_q

The Category IV ginsie failure a11ocntlons were

obtained In the same manner aA the Category Ill allocstlotm. The Category IV

failure _,de_ and thrfr predicted prob_bIlltles of occurrence are llnted in

Table 3-6. UsJnR the total predicted mingle-cycle failure probability of

902 x 10 -6 from this table and the l_gS CateRory IV single failure allocation

of .$ x lO"8 from Figure l-l,the Category IV singl_ failure allocation factor

is

: q02 x In -6
A = .3 x I0 "w- " IRO.O00

This factor results In the Category IV tingle failure allocations given in
?able 3-6.

_._.4 Double Failures

An _hovn tn Flture l-l. _ _tfniftcant portion of

; the N_S$ f_te_,rv IV fatlure probability h_ been al|oc_ted to double failures.
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_ Since Category II and Ill single failures make up the double failure

i, coablnatlons _hich produce Category IV system effects, the Category IV

double failure analysis provides the basis for the Category ll single

"_ failure allocatlons.

The doubl, failure matrices vhicil define all

: of the identified double failure comb/nations that lead to Category IIIB

and IV system effrcts are presented in the Flight Safety Contingency

_ Analysi_ Report, Data Item S-103. dated September 1971. By using the

predicted failure mode probabilities in Tables 3-I through 3-5 in con-

,_ Junction with the double failure co_binatlons identified by these matrices,

i" the predicted double fal[ure probabilities for each subsystem within the
NNSS were determined. The results of this analysis are reported in

}_ Table 3-7 The Category tl single failure allocation factor was then

_; computed by deter_Inlng the factor by which the Category II predicted failure

mode probabilities had t_ be reduced _n order to satisfy the Category I_
},

sllecatlon of .l x 10"8 for h_.{_Sdoub!e failures not involving the cc_yuter

i system. For Category lit failures appearin_ in the double failure _atr_x

I_ the failure alloc_tlons presented in Tables 3-4 and 3-5 were used. As a

result of this analysis an allocation factor of 135 was determined for

_:_ the Category II single failures. Thls factor produces the allocated double
%

failure probabilities summarized in Table 3-7 and the Category II single

,,-' failure allocations given in Tables 3-I through 3-3.
,j

It should be noted that the predicted double-

:' fsllur_ probability of the computer system dominates the Category IV predictions

' in Table 3-7. It is for this reason and the fact that the computer system

concept is not well defined at the present time, _hat s separate double-

failure sllocstion for the computer system vse established. Hoverer, If it is

assumed that the redundant computer system, which is s part of the reference

I$C concept described in Data Item S-IO3, is retained far the flight engine,

then the predicted single-cycle failure probability for the computer will

have to be reduced by n factor of 303 in order to satisfy the Category IV

allocatlor of ,l x 10 -8 for the co_puter system.

"i
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3.2.5 Su_r 7 of Results

3•2.5.1 _on-Nuclear Subsystem

The l_ISS predictions and alloca-

tions are smmarlzed by failure effect category in Table 3-8. The

total predicted rellablllty of the I_SS for 60 cycles of engine operation

Is .33 and the predicted l-cycle Catego_ 7 IV failure probabllity Is •001•

_lese results are based on an analysls of 214 slngle failure modes and

941 double failure combinations within the NNSS. The allocated rellabillty

and failure probability of each component failure mode consldorea in the

analysls is listed in Table 3-9.

3.2•_.2 Nuclear Subsystem

A rellablllty prediction based on

F_CA, F_, probablllstlc design, and rellablllty modellng methodology

has been made for the NSS for the defined relJablllty mission. The predicted I

'1value obtained is 0.921 compared to the allocated goal of 0.997. NSS

component values are derived In decal1 in NANL-_-2770 and are summarized in

Table 3-10.

The reliability predictions listed

are based on "stress/strength" probablllstic estimates, wherever posslble.

The analytical results are related to the most significant (highly stressed)

failure modes and their related mechanisms. In each NSS ECC _ number of the

most significant modes, determined by the combined Judgment of personnel

from design, structural, thermal, and rellabillty disclpllnes, vere analysed

using the "stress/strength" method. The remalnin_ modes were estimated using

• technique based upon Judgment of the level of anticipated stress (percentage

of yield or ultimate) and s knowls lge of the ranges of percent of variation

of load and strength for ductile and brittle materials being used in the NERVA

Pgogram.

Failure modes of a non-structural type

were estimated by enRtneerins Judgment, historical results from previous

experimental reactnr te_ts, or u_;cof data _ro_ other sources such as FARADA.
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._'_.e,YA -_:$I._,.= P-=L'.J_ILITT;,_.LO'_ATIC:;SET.C_.'_O:,.'_,'TF,_ILt'F_.%_._£

l+

FAILL'Pr FAIL_'iL£
CO.v__:;_:_ / [FFECT _ZLIAJlLIT_ P10_._ILITY
FS,ILt'_. :'.?:_. . C^trGc._Y* (_,,g._'CL_S) (1 c_'c'_rl

P$OV

• (011 Fails co _._'_a fr_:x full open p_siil_n III| .I$0 .012

' (021 Falls to rove fto._Lfull closed po_qlllvn IlIA .gtO ,052

" (03) lliityeztent closure - r.or=ll s;ecd llIA .965 .05|

(04) l_s4viritat ©|osura - zupiurr speed I¥ .gll 4 .011 t

IOJ) II_lg_'erlegl open l!!ll .965 .008

:. (06) Falls al Inter".itlale F_slil,n |Ill ,9_| o0)&

: (0|) internal lei_alS i111 01&l ,0i$

(Oil FJlierual leakalo Illl ,9)i °011

, (lO) 04_ ti_tqre iV .Ilia .Olll• o

_ (Ill Fatll to _Int |I| .158 .0)6

PD_A

: (01) Falls to t_ovo fish full open los/item liA .Ill ,063

:; (02) Falls to libya Irol full closed ptlltton IILA .9tO .0$1

:: (Oi, I_ldverteni closure IliA ,970 ,001
Oil) (A_tuator)

;_ (OI) ll_Idvirloat _qNn (Actuator) IlA ,tlO ,011
h

:. , (Oil llllo at littol"-.tdlate p¢lltltri Ilia ,ltO Oil

,++i (Oil l_iitnit les;l$o IIA ,$$5 .Oll

- (Oil liitrMl lia_lla Ilia .Ill ,Oil
{

(I01 lti# luplvra IV .tllll ,Oil i>
,I

'' _

--:, (011 FIlll to .'Ova frc= lull ope..'llillile_l Iia .ill .063

:. loll lllll |0 =O;'i I14tl lull ¢l¢llt ltOlttlOit Ill4 .ll+ ,Ol6

'. (Oil llllo It llttiIi.itlllt tillito_l IlIA ,961 .Oil

" • liilillt elf/el cal<l-_tv t_sstifl¢lit--'l_ it 4+lliltite_i Ill x'ol_e It.

<,

3 -77

i

I
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# *

FAIL:._F FAILt_RE
COY__';_':: _ _F;CC: _LL_BILITY PROBABILITY

(OB) lntcr_l l_;;a6e IIA .961 ,071

(09) F.xtern_l leakage IlIB ,978 .072

(10) Sody rupture IV ,9114 ,0116

FDBV

(01) Fails to move fro_ fu_l epcn pesitl_n llA .$37 ,056

(02) Fails to rove fz_ f_tl closed pJ_ition IIB ,9A8 ,06&

(0). Itlmdvcrte.t closuxe IIC .970 .089

(06) Fatll at fnt_'r_¢dlAte p-sft/on |11 .956 .017

(09) rxt_r_l lenk_c lIl_ .97| ,072

(10) _y rupl_;e IV ,911 & ,0116

Pi_CV

(_|) Fa|l_ to _ve _r_,. full open pr_s_ti_n l|C .9j? ,05_

(0), _n_v_rtent c_osure llC ._70 .089

(05) lnmdverten_ open llC ,9)0 ,082

(07) Fails to control lit ,gAS ,068

(09) [xternal leskale fill .978 .072

(10) Ik_d_ rupture IV .9116 .0116

JJV

(01) Fells toe, re from full open _lClon IIA .gj? .056

(02) fal), to _ve frcn full cloled poJttlon liB ._t$ .06&

(03, lnedvertcnt ClClUre |_¢ .960 .0?3o_)

(0_) Fail8 at lnterledlate position ;I| ,956 .0??

(09) [zternal lesk_|e 1TrJ .978 .072

(10) I_y rupture IV .9116 .0116

t
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:: TABLE3-9 (Continued)

• :'B

HA._tD_._t
' FAILURE FAILURE

,"; COXPO:.T.:;i/ ZFFE(r P_L!&BIL!._ PRO_A_'.L:TY
•,;.: FA?LIt_ -or_ CATEGORY (60 C';CIER_ (1 _¢tt =l
.'/ft. ". ,

-_,,"

.ii.'. (01) Fails to move iron full open posltlon IIB ,937 ,056

?i" (03, Inadvertent closure IIC 967 .071 '=: 04)

.' (05) Inadvertent open IIIB ,970 .082

=_i:,. 107) Fails to control IIC ,942 ,Os1

°._.:' (O9) Exten,_l Icat:ago IIIB .978 .072

.!_.! (10) Body rupture IV .9114 .0116

:}' TmV& TDgV

.' t.;

':,i':; (011 Falls to move frota full open po_ltlon IIA ,948 ,066hl, -
•_';

;:'i. (02) Fails to nm,te frown full closed posit/on IIIA .940 .052

' ['10' : (03) Ina_vcttent ¢leaur,: - nor_l s_ecd Ilia .9.0 .0.2 e
1 a

i',,,' 104) lnadvert_.nt closure - rupture aft,?/ IV .9114 .0116

:, 105) Inadvertent oven IIA .960 .072

vll! 1061 Fails at intermediate position Ilia .958 .07to

,I!i 1081 Internal lsags|e IIA .957 .O?g, (09) External leakale IIIB ,978 .072

lil (,o) ,uptur. " "1l' "°it6•" .,&

•:!;i csov
,.l'.
_: 1011 FeliS to move [run full open position Illl .938 ,052

'_I, 1011 Fails to move from full closed position II| .939 .055

i ..t! (03, Inadvertent closure IIC .91,J, .051
04)

--_ ,,{ (06) Fails a_: intermediate position 111B .958 .073

_'_il (0e) Internal leakage IIIB ,948 .063
.,o

i." (09) Lmternal leakage lIIB ,978 ,072

: 110) _ody tup*ure IV .9114 .0116

00000001-TSD12
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_J.i_ TABLE 3-9 {Co,ttnued)

_i:i FAILURE. FAILURE

_!::il . V_TIT_Rr _nn= raT_t:.mnv (_n rYrl ve_ (I t'v..qt_)

;_g.; (01) Fails to move from full open position IIB .950 .062 :

:_s_'.: (02) Fails to move from full closed position IIC .934 .041

_:i';: (03, Inadvertent closure IIC .960 .072
_I__::_0_'" 0_)

_i_i (05) Inadvertent open IlC .946 .051

2 (07) Fails to ¢_t_ol IlC ' .966 .067
-_?_ (08) Internal leakage lIB ,946 ,067

_'" 109) External leakage IIIB .978 ,072=oO:/ .

"_ _ IV • 9114 • 0116
: :'i" (10) Body rupture

:'"- (11) Fails to vent lib .958 .076

_-:,' SSBV

_":°/:'. ' (Ol) FaLls to move from full open position ;IB .937 .056

- :":;_,'" (02) Fails to move from full closed position IIB .947 ,065

_¢,:: (03, Inadvertent closure IIC .966 .087
-_<"':_'" 04)

_':""_" lib • 968 • 083_, .._:,-_ (05) Inadvertent open I

_!_:- (06) Fails at Intermediate position lib .954 .061

_:i_.:!; ' (09) External leakage IIIB ,978 ,07.2

.... :" 110) Body rupture IV .9114 .0116

i-::.. TPA (DIJAL MODEOPE_ATIOI;)

": _;,'2 (1) Fails to start Ilia .96_ .051

',. ';'i_'". (2) Premature _top Ilia .951 .061

:";'_ "' (3) Low performance Ilia ,940 .052

,_,,, (4) Total lo_s of containment IV .9107 .0103
:,^ ..

'_': (5) Excessive vibration Ilia ,948 .063

_, ,076,: ._ (6) Exteznat leakage Ilia .9 67

,_.._ ._ • For slnKle TPA operation increase falluro probahilitte._ by lO_.

o

o.., 3.-3nk 4

e

'' 6
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:. T_A_Lg3-9 (Continued)
,t

' MAXTMU_
FAILURE FAILURE

CO_ONEm'/ EFFECT P_L_SZLT._' PROS^nXLXTV
. _A_L_I: MODE....... CaTEaOR_......(_0 ,CYCLJ!.;s) (I CYCLE)

i:

OlN_AL ACTUATOR

(01) Fails in place IV .9_8 .094

(02) Improper position or race control IV .974 .081

• (03) Structural failure IV .9110 .0101

GIHBOLPIVOT

(01) Structural failure IV .9118 .0112

' (02) YXexure blade failure lib .970 .061

(03) Pivot bearing failure ZIA •976 .074o

PROPELLANT LINES
0 " t

(01) External leakage IIIB .974 •076 ,

(0Q) Loss of containment IV ,992 .098

-+_ NOZZLE

_. (01) External leakage from coolant str_am IIIB .960 •0S1

,:_ (021 External leakage from e_.haust stre_ IIIB •970 •061

++'i_ (03) Loss of containment IV •9100 .091

(04) Failure to support reactor assembly IV •9100 .091

NOZZLE EXTENSIOH .................

Ii (01) External leakage IZIB •960 .0Sl
(02) Loss of containment IV •99¢+ .096

--ii: PBESSUREVESSEL& CLOSURE!

_._: (01) External leakage IIIB .987 .083

=+'_,i 102) Structural failure IV .9100 .091 "

![i 101) Fails to transmit thrust alan8 proper IV .998 .092

_ axis

} (02) Fs,_.ls to support interface components IV •9108 .0102

1

+i .
[! .

,,,,,._,._' + + u " _. ......... . .... ;S +'.';+ +-++_+++ :.......... ++"'+..... " ' _ :+ "+_" ' '_ :'.... : " :+ "- .......... +++`+'+,+ " '+ _ _"_'_'++_- _ _-_ '+-.-+''+_+ '+ "

,+:+° + , +++.++._=++++_'++mm,m++:_+++++,+++:+++++++_+++,+++++,+++ + + . ++ +
.... O0000001-TBD14



_:=== 4 :___==_ _ _:_ _; ____-=_7-_ .......

#

T_I.E 3-9 (ContlnuQd)

. .: MAXIMUM
FAILURE FAILLE

_ COMPO,_ENT/ EFFECT RELIABILITY PROBABILITY

FAXLUAE I:_DE , , CATEGORY (60 C,YCLE$) ,, (I C_CLE_
%.

EXTEK!_AL SIIIELD

(01) Structural failure IV ,9114 ,0116

I&C SUBSYSTEM

: (01) Failure of I&C subsystem less IV .957 .097
: computer 6

_ (02) Failure of computer subsystem IV.. • ,966_ ,081

• " * Bas(d ou .a_edundant computer sy.s_b..maintenanc_..be_ween mi_s£ons,

_ 3-32 !
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The predicted rellabillty values

for each I|SS ECC should not be taken as being Justifiably accurate, but

rather as the best present indicator of the designed-in reliability of the

NSS, The lcvel of sophist/cation of predictions is dependent upon assess-

[ ment data available for making the prediction during a particular tlae

period. The detailed design and analysis process being folloved for all

., I_RVA components will provide assessment data for future up&radln8 of

predictions.

. ,j

.................... _....... - ..... - ......... .... . ,,.., , ./_,,,._,____
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_.i APPENDIX A

_' DERIVATION OF RELATIVE FAILUPY. RATE ESTIY_TES

".

"';'- A, 1 INTRODUCTION

:: Initial r_liability estimates for component failure modes wer_

' " derived to provide a basis for deternining potential design problem areas

_ . . and to provide input to the reliability math model to determine reliability

i_. allocations. These estimates derived from design
were probabillstlc

!."_" analysis whenever possible, and secondarily, from generic failure rates of

L._,.: slmllar components factored to the NERVA englue... When neither of these

i i:i_ sources w_re available, an estimate was made using syst_matlc engineering

] _:i evaluations. As s result, these estimates should be treated solely as

_ _:' relative ranklngs. These ranklngs are rcqulred in order to achieve a

_.: proper allocation to each component since future allocations are distributed

between components in the same ratio as the initial failure estimates.

i !

V-:

i,:,, Failure rates based on operational experience or component testing

can be grouped in four classes in order of deelrability. Failure rates ere based

_L :'_ on:

L-.-_.. a. Contractor testing of components with current design concepts.

_._: b. Contractor testing of components with similar design concepts.
.j

, L. c. Contractor testing of piece parts with similar designs.
[ ,

! "'. d. Aerospace industry collected data on generic piece parts.
i r, .

_"_ The most readily accepted failure rates are those based on testing by

i . the contractor of the current design concept. However, there are many

._ problems associated with estimating testing failure rates. Among these are:

_: limited numbers of tests, insufficient number of components, lack of any

_.:: definable failures, design changes during a test series, component repairs ,

.!_ during testing, inadequate measurement of variables, improper simulation of

.::. design use environment, and lack of any tests on components even similar to

./:- A-I

. _ . __
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I
the current design concept or use. In general, the ANSC test based failure

rates are based on Class b (Apollo and Titan) data and are derived by a

growth curve technique. The advantages of this technique and details of the

process are presented in NRP 400, Failure Rate Derivation.. The Apollo a_d

Titan data should produce conservative failure rate data since theN ERVA

engine will have more inherent redundancy within components; will utilize

improved analysls techniques during tile design process (e.g., probabillstlc

analysis); will exhibit more predlctable energy conversion than _hemlcal engines;

and will utilize longer response t/_e'and closed loop controls. Counter-

balanclng these factors, however, are orders of magnltude increases

in the operatlonal and mission duration for NEKVA; additional complexlty

and number of components; aud the smaller test programs (both Apollo and Titan

experienced a rapid reliability growth rate based on an extensive test and

debugging program).

The use of historical data and personal experience with various

components in determining the relative probabillty of failures among various

components included factors for such Intanglblcs as fabrication difflcultles,

human error, and contamination. Other relative un_no_s such as radiation,

cryogcnlc temperatures, and long time operation in either hydrogen atmosphere

or hard vacuum were not included. In past analyses envtrGnmental factors

have been used Co adjust the fallure rates to the current appllcatlon. This

was not done for th._ _urrent HERVA esti_tes since component material has been

selected so that it does not experience chemical change when exposed to expected

radiation levels. In these cases, the primary effect of radiation will be felt

in the induced heating. Assuming that the thermal conditions can be predicted

then the design aualysls is no different than a non-nuclear design. The failure

rates based on non-cryogenlc test experience were not adjusted for the extreme

temperature range which will be experienced on the NERVA en._Ine. In general,

metalllc component strengths are improved with cryogenic temperatures. Hydrogen

_brlttlement has been recognized as a potentlal problem, however, prelimlnary

results have not been conclusive enough to warrant an adjustment of the current

failure rate estimates.

A-2
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In conclusion it was felt that additional effort would be more

effectively utilized performing actual reliability assessments, utilizing

probabilistic techniques, than in modifying hlstorlcal rates. Simple

static primary stress/strength esti_tes have been completed as rapidly as

design maturity permits. The more difflcu_t combined stresses in complex

structures often require finite element program solutions. Specific problems

are..belnganalyzed in order to develop probabillstlc techniques. As soon as

enough mechanisms in a component mode have been analyzed and an acceptable

level of confidence in the more complex analyses exist, a reliability assess-

ment will be made.

The following sections present the source of each failure _ate

utilized as well as a discussion of the method used to deratc existing data.
F

A.2 VALVES

Probabl]istlc analyses have been completed for only two failure

mechanisms within a valve and therefore cannot be extrapolated to a reliability

estlmatc for all failure modes. A search for appllcable cryogenic valve

failure rate data was frult]ess (e.g., Saturn I used pneumatically actuated

valves, and tt_erecorded failures were not Identlfled as to whether they were

actuation system or valve failures). A search of aircraft valve failure history

reveals four distinct" distributions of failure rates, the means of which vary

from 7 to 1148 failures per milllon operating hours -- too large a spread to

pick any single applicable rate. It was therefore decided to Utilize the Apollo

SPS engine bipropellant valve failure history as typical of the I_RVA CSOV

since this data was well do-umented and the CSOVwas most slmilar to the Apollo

valve. A simulated block valve failure rate of 184 x 10-6.failure per engine

operating cycle was thereby derived. This rate was modified upward to 191 x 10-6

failure per engine _pe';ating cycle plus 7 x 10- 6 failure per mission (operating

; llfe) to account for failure modes unique to the NERVA CSOV. Table A-I shows

the distribution of this total failure rate to the failure modes of the CSOV.

This distribution was based on the Apollo history, but modified by the results _

of a qaulitative rating performed by the cognizant Design and Systems personnel.

..
- Other NERVAvalve failure rates were derived through the use of

: severity factors for valve size, relative number of cycles, and specified

A-3
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.i, •
c'"

:/

;: maximum allowable internal leakage. Severity factors used for valve size

were :

' (a) For 3" 4", 5", and valves 1.0

:i; (b) For 7-1/2" valves 1.1

: (c) For PSOV (12") 1.2

::: Severity factors used for valve cycles rare:

i (s) For CSCV and SSBV, 5000 cycles each, 1.25

opera¢in_ at low stress level, and PDCV,
3000 cycles at medium stress level

I (b) For BCV, 10,000 cycles at _dium high 2.0

stress level

(c) For SSCV, 49,000 cycles at low stress 2.5
level

L,

Leakage failure rates for. the PSOV and CSCV were determined by

_' engineering judgment, and rates for all other valves were established in

: inverse proportion of their allowable leakage to that of the CSOV. The
.Q,

* failure rate for the PSOV was set at twice that for the CSOV because of

;_ much larger seat size (PSOV - 12" dla,, and CSOV - 3" dla.) while the

allowable leakage for the PSOV is only three times that of the CSOV (PSOV -

150 sclm vs. C$OV - 50 sclm).

if A. 3 TURBOPU_ ASSE_mLY

!_ Probabi.tlstlc analyses have been completed for only three failure

,_!: mechanisms within the TPA (bearing cooling, thrust balancer rub, and

:_ labyrinth seal leakage) and cannot be extrapolated to a.rellabillty estimate

_ for the entire TPA. A survey of state-of-the-art TPA failure rates shows
i!

:!: a wide range, from 16f/I06 hours for aircraft turbines to over 1700 f/106

_i! engine thrusting cycles for the Titan first stage turbopump. The Titan

i fallure rate was selected as a basis for the estimate of the NERVA TPA

!i! since the data was well documented and the design and operational differences Jt could be evaluated. The demonstrated failure rate of 1700 wa= determined

!i to be excessively high due to: i
't

^-5
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(a) A majority of failures were the direct or Indlrec_ result

of the high temperature environment on the Titan turbine

which is _Qt true of _RVA.

(b) A limited amount of Titan history is available with no

failures in some modes.

(c) Shutdowns on the Titan system that were caused by low

performance could, in some cases, be'compensated for by

the h_VA control sybtem..

As a result, the NERVA estimate was reduced to 975 f/lO 6 operating cycles

. and 25 f/lO 6 missions by deratlng the two modes in the Titan history that

experienced no failures and by rating the design complexity of the TPA and

" CSOV to derive a relative failure rate that was compatible to that used for

the valves. Table A-2 shows the distribution of this tot_l failure rate to

the failures modes of the TPA. This distribution was based on engineering

Judgement and past history.

Malfunction mode rates were derived by applying a relative severity

factor of 1.1 to the normal mode rates. This factor was derived by a quallta-

tire rating of each mechanism of failure considering the operational severity.

A.4 NOZZLE

i Table A-3 shows the distribution of the total nozzle failure rate

to nozzle failure modes. The failure rate of 470 failures per 10-6 missions

for the NERVA nozzle was derived using the Titan family first stage combustion

chamber test history.'since it represents the most complete and available data

of a similar component with respect to size, shape, regeneratively-cooled, etc.

The method used for prediction was the Reliability Crowth Curve, with nine

failures in 2347 tests. The Titan engine history was screened and combustion

chamber failures were excluded that had negliglble performance loss or were

s_ut down prematurely due to external tube leakage. It is assumed that

' external tube leaks cannot occur in the NERVA nozzle due to the solid Jacket

design. The ra_s were not "corrected" for the effect of cryogenic thermal

cycling, radiation effects or the considerably longer NERVA duration. Although

/.-6
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_ /,, TABLE A-2

"; '/'- TPA HISTORICAL FAILURE RATE ASSESSMENTS

FAILURE RATE E STII_ATES (Per Milgon Thrusting C};cles)

::;, FAILURE MODE NORMAL MODE MALFUNCTION MODE

!iI Fails to start 340 374

;,,/._. Pr.emature stop 45 49
.,=,_ Low perfor_ar.ce 500 550

-: _;"t Total loss of 5A 6A
_:;iI co.tai.ment
::'4 Excessive vibration 90 99

,ioo} External leakage 20 A 22 A

ii:} -- ---! : TOTAL (Per Cycle) 975 1072

i ,,..:_.::_ TOTAL {Per Mission} 25 28
%. :

L):,ii
i_ (A) Failure rate applies to total flight usage.

!:u!i

{_! TABLE A-3

_: NOZZLE HISTORICAL FAILURE RATE ASSESSMENTS
J I

,,' :. ,

°o ' FAILURE RATE ESTIMATE

_4_i::_ FAILURE MODE .... .(.Per Million Missions)v • |is, , | •

::o- External leakage from
::," coolant stream 392

""":, External leakage from_b "

,.'_., Exhaust gas stream 39

oc _:.. Total loss of containment 20

/..'i Failure to support
i

_,i, nuclear reactor assembly 19

: TOTAL 470

; ::: A-7
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, some mechanisms of failure in the nozzle are affected by, pressure and

_. thermal cycling, the assessments are based on the material capability

_: after all required operational cycles. Probabillstlc analyses have been

...._- completed for 13 of 17 mechanlsms, related to structural failure resulting

_: in coolant lealmge. All mechanisms substantiate the relative failure rate

_) assessment with the exception of the coolant tube thermal fatigue eracking.

1]i Re-evaluatlon of thls mechanism is dependent upon the conclusion of testsbeing performed to define actual allowable strains.

i i A.5 NOZZLE EXT_SION .......

Table A-4 shows the distribution of the total nozzle extension

failure rate to the nozzle extension failure mod@s.

TABLE A-4

NOZZLE EXTENSION HISTORICAL FAILURE RATE ASSESSbfENTS

-!I:

FAILURE RATE ESTIMATE

FAILURE NODE (Per l_I11ton Hisstons)

_ Ext .rnalleaRage 303./
,' Loss of containment 100

TOTAL #03

j The failure rate of 403 failures per 106 missions was derived from

-_ki_,_ various programs which were awarded to evaluate Fibrous Graphite. The

=_:. AG-Carb testing is based on a relatively small diameter nozzle, but pressures

...... range from I00 to 550 psla. There were 2479 tests with one failure. U_ing
._ t

_;_:; the successratio method, 2478 *-,.2479resultsin .936reliability.

_..i:I A success ratio generally results in a more conservative reliability

.,J_., estimate than the growth curve technique; however, the failure rate has been

,,::!;. set rel_tlvely high due to the uncertainty in fabrication variability in this

°_. ( large structure. ,,

i, ,_ ,
'l a
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:i:_', The ^poIlo en_ine u_ed a radlatlon-coo]od metalic extension.

_i!:l_ Once flange Reparation occurred on the czt_nslon durl|_g 11.04 tests pro.,Id-

,_!i" £ng n succe_s ratio of..93. No probnbillst,lc nnalyses have been completed, 'i

2 ';::.
• .,:,':. A. 6 THRUST STRUCTURE

_ _:._::; A fallurc rata of 35 failures per mllllon 60-cycle missions was

i_,:_,;, derived for gho. thruRt mount based on the qualitative failure mode analysis

-:_ relative reliability of each proposed design concept of a mechanical component

_._' during the conceptual design plmse. It qualifies and combines _he Judgements

_"_ of design and rellabillCy engineers Into a single value so as to provide a

_ reliability criterion fiefdesign selection. The.method requires that a failure: mode analysis be condaCted on each candidate design by a qualified design

_-, engineer, In _erformlng the analysis, the engineer takes into consideration

all environments and operating conditions encountered during the llfe cycle

:i'_ of the component, and rates each failure mode on Its failure potential in

i;i accordance wlth the Table A-6. In this table, the alpha character designatesthe success potential of the design in decreasing magnitude from A through

_ D, and the numerical designation indicates the degree of discovery and control

through inspection or test methods. The degree of cont_ollability Is indicated

by the numeric designator which decreases in magnitude from I through _.

The individual potentials for failure are then combined into a single numcr_.cal
,,, ,, ,,,

rating by Table A-6. '"

If a failure mode can be caused by more than one mechanism, the

various mechanisms are then weighted by engineering Judgment as to their

relative probabill_y of occurrence. The sum of the failure mechanism weights

_'_:_ for each failure mode must total 1.0. The failure rate for each mechanism
" then becomes the product of the mechanism rating and the weighting factor.

-S'

._:iii Subsequent to the completion of the qualitattve failure mode analysis

documented In Table A-5, the failure mechanisms were re-comblned under the

two failure modes shown in Table A-7. These modes were used In the current

_ reliability allocatlou process.

:_" A-9
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',_ TABLE A-6

17 "FAILURE RATE POTENTIAL" VALUES

i_ CONTROL RATING

1 2 3 4

DESIGN A I I0 If'O 1000

RATING B I0 I00 i000 iO,000

c I00 i000 10_o00 i00_000

D I000 , i0_000 i00_000 I,_000_0,00

TABLE A-7

:_" THRUST STRUCTURE HISTORICAL FAILURE RATE ASSESSNENTS

!; FAILURE RATE. ESTL_IATE

,,:' FAILURE HODE (Per N:l.llton Hlsslons)

'_: Falls to transmit thrust 32

,_ along proper axis

": Falls to support 3
interface components

:J!

':' TOTAL 35

i.

A-11
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._v,,

,i. As a comparison, the Apollo thrust structure had one failure in

_il 177,800 sec• A growth curve analysis provided 3.33 x 10 -6 failure/see

__, or 1998/10 min. slngle burn. This value was not used because It is
/-

_ limited by the operating tlme _ccrued on the thrust structure and is not

_ compatlble with other _R%'A failure rate estimates of more complex parts

;. (e.g., 200 fallures/thrustlng cycles for most valyes).

::i'; A preliminary probablllstic rellablllty analysis was performed on

2,_ the UTS. Three mechanisms were Influentlal in giving a predicted rellablllty

_ij of 0.920. the mechanism of failure responslble for the low rellablllty was

:; tensile failure in the upper beam cap durl_g flight. The cap is being re-

:i,- designed to correct this condition. Only primary stresses were considered.

__i" No analyses has been made for resldual stresses, stress interactions,

_: vibration, fatigue, radiation effects, size effects, corrosion, erosion, or

__:_0 space aging.

!'7 A. 7 F_TERIqAL SIIIELDt

- A failure rate estimate of 1 per million 60 cycle missions was

/_ derived for the structural failure mode of the external shield on the basis

of a preliminary probabillstlc analysis, Each failure mechanlsmwas analyzed

_" utilizing an approximation technique which equates reliability to margin of

safety. This method produces a lower bound reliability value for structural

":,, failure.modes based on conservative estJanates of variances and margin of

_._ safety calculations. All 31 mechanisms analyzed had a lower bound reliability

_ii" greater than .98. When combined in series, the lower bound reliability

.- is •967. No consideration was given to residual stresses, stress interactions,

_ vibrations, fatigue, radiation effects, size effects, corrosion, erosion

,. _" or aging in space• Improper radiation attenuation or leakage (streaming)

_: was not analyzed due to lack of analytical methods. As a result, the derived

..... value of 0.3 x 10 .6 _ No historical, ..... was arbitrarily increased to I x iv 6

,o.. data on similar structures could be found.

_, A-12
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_i,/" A.8 GI_mAL ASSF24BLYi

!,°:: Table A-8 shows the distribution of the gtmlml assembly failure

,_ rate to Its failure modes. An Apollo electro-mechanlcal g_I, al actuator
| /";

_ :i_':. fallure rate of 26.2 f,_.ilures/106 simbal cycles was utilized as the

_::",,." bases for dete:mlning the NERVA prediction, based on a. growth curve of

k:_; 133 failures In 5,086,110 actuator cycles during development and quallflca-

i ;_2( tton testing. Estimating 10 gimbal cycles per engine thrusting cycle results
I

_!: in an estimate of 262 failures per 106 thrusting cycles for NERVA. The total

-i_:: of 262 failures was divided among the three failure modes In the sa_e
_'- proportion as the causes of the Apollo fallures. The historical rates are

_ considered to be conservative since the magnetic clutches which were the

::_, primary source of failures on Apollo _Iii not be used In the NERVAdesign.

_:_ TABLE A-8

, CIMBALASSN.IBLYHISTORICAL FAILURE RATEASSESSMENTS
,_i__ •

|

i__d:
[ _;:. FAILURE RATE ESTEL_TE

!:_!il FAILURE NODE '(per Million EnGine ThrustlnE Cycles)

!-J::' CIMBAL ACTUATOR

•_.: Fails in place 68.

!.i' Improper position or 192
i:,!; rate control

,., Structural failure 2
i -. 1

"" SUBTOTAL 262

i "°"'.. tIMBAL PIVOT. & STRUCTURE

, ,: Structural failure 0.3

° Flecture blade failure 13= :kS

_:;_: Failure of pivot '_eartng 5

_ SUBTOTAL 18.3

iv"

j_.

i .... ;

i2:'

" _!'_ ...... : ._ ..... " _ '." _ -'- • "_ ",_-_,T-.:-'," .... _.. --.-...... _, *. .. _.."_ ..._.. e_. "_,...- .'_'_ ' _............"'. ': ....... ".. ,". .... _'
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Farada statistically grouped data_ which includes aircraft ..

electrlcal actuators, provides a range of 157 to 309 and a mean of

208 failures per million operating hours which is compatible with the

Apollo failure rate of 262.

The estimated failure rate for the flexure blade and pivot bearing

of the glmbal structure are based on Apollo test history. During Apollo

_estlng, no failure of the glmbal bearing occurred and only one failure o£

a gimbal strut was recorded. Since the success data was not fully documented,

an estimate was made, and a growth curve g_nerated resulting in a failure

rate of 13 failures/lO 6 thrusting cycles for the flexure blade and 5 failures/

106 thrusting cycles for the pivot bearing, • i

A probabillstic analysis was completed to estimate the probability

of structural failure of the glmbal pivot. Nine location-mechanlsm combinations

were calculated to be greater than .98 rellabillty for each mechanism. Thist

provides a lower bound estimate of .9668 for the failure mode. This includes

the glmbal pivot and arms attaching to the trunnlons. One location for

bending, three locations for shear,•_our locations for normal and one loca-

tion for torsional stresses were analyzed. Not included in this analysis were

the trunnion blades ot bolts attaching the glmbal assembly to the thrust

structures. No analysis was made for rigidity reliability since no deflection

limits are available. However, standard deviations were derived for future

use in establlshlng overall expected engine flexiSillty on a probabil_stlc

basis. - .........

A.9 PRESSURE VESSEL AND CLOSURE ASSEMBLY

, A failure mode estimate of 24 failures per million 60*cycle missions

:"i was derived based on qualitative failure mode analysis, as shown in Table A-9.

"'; These mecSanlsms were then re-comblned under the two fallure modes shown in

Table A-IO. i

i) _!

i!
,, L

A-14 !
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i'

' _. TABLE A-IO

i-=":" PVCA HISTORICAL FAILURE RATE ASSESSMENTS
i ;,2

_:_' FAILURE RATE ESTIMATE

_..:_- FAILURE MODE (Per Million Missions).

;.)? External leakage 1

_=:: Structural failure 23

:'_-_ TOTAL 24

i:7 P_eliminary probabilistic analyses were completed for the structural

_'_;! failure mechanisms associated wlth,the bolts, inserts, and wall rupture

_. failure modes; and for the external leakage due to stresses exceeding bolt

_:_ pre-load and bolt elongation. The predicted reliability from these analyses

:':- were .9435and ,9788 respectlvely. These results will be substituted for the

-_:;, current estimates in any future reliability analyses.

_'_ A.i0 LINESL ,:;.-

;::i_.' Generic failure data on propellant lines are Incomplete. Failures

i%i', have been documented, but successes have not. The best estimate of Apollo

_ Si, line reliability must be made from one failure in 83,600 total seconds of
o'_

:':/: operation which results in a failure rate of 7150 per 106 tere-mtnute cycles.

__i!; Such failure rates would be out o_ line with the other NE_VA assessments.

::" The lines are assumed inherently more reliable than valves .... Therefore the
: A. .

_;_ (. 9475_; predicted reliability of _he best Apollo valve was arbitrarily selected as

}'_. lowest line reliability). Schematic layouts of each line section were prepared

_._i. and sorted by llne complexity considering numbers of bellows, flanges# elbows,

•. ,,"' "y's", "T's", and fittings andllne lengths. The full thrust pressure and

• .,,,_ temperature was noted on each schematic and the complexity ranking was

i _£ adjusted according to severity of operating environment. The most complex
_

V'_;. llne with the severest environment was assigned a failure rate of 25 (I - .9475).

/_
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:;_ The simplest line was asstsned a failure rate of 1 (.96). These

_! _omplexlty ranklngs are presented in Table A-If. The resultant fallure

_i_ rate estimates are shown in Table A-12. Preliminary probablllstlc analyseshave been completed for the llne/flange rupture and bellows fallure modes.

In each case_ the failure rate calculated was less than the rates shown in

Table A-12. As these analyses are refined, the probablllstlc results wlll

be substituted for the exlstln E data.

A.I1 CONTROLS AND INSTRI24ENTATION

The Controls & Instrumentation system was divided into subsystems

reduced in detail sufficient ..toobtain a fallure probability. Circuit

detail, where available, was utilized and circuit fallure probabilities

have been calculated by the p_rts coufitmethod, assigning failure

probabllltles to each part from references such as MIL-HDBK-217A.

_i! A.II.1 C&I System Components .

::{_: Table A-13 lists the major subsystems of the C&I system,

_ the failure rate estimate utillzed_and the source data.

:-!!i,i' A.II.2 Valve Actuator Components

::_'_._ Table A-14 lists the failure rate estimates for the

:__ electronics associated wlth each valve/actuator.

[ ....

| . ' ._'-

_' f2a, ,.

._¢. '
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_-i A.12 NUCLEAR SUBSYSTF.J4

r .

.... Failure probabilities for NSS failure modes have been derived

! _'_-. for each YS_ Critical Component. A summary of the failure probablllties

•:._.; o£ those modes identified as being of Fallure Effect Category Ill and 'IV

o_,. Is presented In Table A-15. Tho fallure governing part, fallttre mechanism,

:"i::;... and failure rate within a given Critical Component leading to the NSS

,;;-", failure modes are Included In the table with a reference made as to the

:;j:. WA_L data source. Further beckground for th,_.se failure rates a_-e presented
;_ in the tl_L R-202 dated Septez_bcr 1970, "Reliability Allocations, Assessments,

• _i.- and Anatysls _,*eport'*,
r, ..

)_:'2' Failure Effect Categorl_s sursr_rl_ed are those leading to mission
.,; loss. failure rates of fatlure governing parts are presented to provide a

.!'2
- ..... rel¢_.Ive wHue of the rellaelllty of _' "_se parts crltlcal to the successf,_l

,,.''. pvrfornance of the XSS during an assigned mis_lon.

;. pj
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.' APPENDIX B

:" ,COMPARISONOF EXACTAND APPROXD4ATE

:_ RELIABILITY MODELS

¢.

: This appendtx compares the exact reliability of three simple

' systems wi.th the reliability determined by the approximate model derived

in Section 3.1 for the NERVAengine.

i_:: The three systems for which the comparison is made consist o£ simple

:_-:"_ valve networks for which the reliability is defined as the probability

_ that the system will allow for the initiation and termination of flow

_ through N cycles of operation. All valves are assumed identical with only

_!i_ two failure modes, failure to open and failure to close. The lines are

•_" assumed to have a fall_re probability of zero.

_, SYSTI_! 1

•_: Systc_nI consists of a two-valve network as deplcted-below.

;: VI

., ,,'

4_

i.,i
l

"_, At least one valve must open to initiate flow and both valves must close to

terminate flow. The exact reliability model for this system is
_i'

l

....'!, 12 Ro2(1-Rc 2),! R- _- [_-_°_(_-_°"%"_ (_-_o%o%
1 L l'=-l_g J" 2R 2o c I-R
J O C

:- 2z°(l-%)(l-_)(l-%N%_)(I-%S+IRcN+I) Irlm 11- , , ,,,..,.,

.:. (1-%%)(1-%2_:,)
': where:
J

" R = system success probability, i.e., system will allow for the

..: initiation and termination of flow through N cycles.

_,i N = n_bcr of cycles 1

!:

_:' _ I

_°r"_ 0 ,., C° _ .., " _ _ ............ _";'" -.'::'=-_"_"" . ,o __1_. -.'_-_ ; '
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Y'I
i::_ R _ probability of a valve opening as required during I cycle

-:::o: O

=_',_'i:" RC " probabillty of a valv_ c los in g aa requlred durlng i cycle2.,,i

,,': The system fails if both of the valves fail in the closed position or

_,_::_, if either valve flails in the open position. Consequently, using

',,,: Equation [II] of Section 3.1t the approximate system reliability is

;_i;?; __ N2qc 2, [B. 2]R a' 1.2NOo -

where:

qo = probability of a valve failing in the open position during 1 _cle

=I-R •

-_>'_" qc = probability of a valve failing in the closed position during 1 cycle

._;__-

- .1_p.°

N_!:'" This expression can be obtained from Equation [B.I] by using the approximation

:/::,:_ " RN = (l-q) N _ l-Nq, for Nq<<i. (B.3]

_. : SYSTEM 2

_."-" System 2 consists of four valves in a quad-pack arrangement as follows:

• he exact reliability model for this system is

R- o c J ] - 1-Zo Rc,,..: l-RoRc

..... N+I) 2
..... ._I.,_I..... ';+1.

2Ro(I-Ro)(I-Kc)tI-Ro _C )t_'-_o % [B.4]- +

l-Ro2Rc ? j_-I ( 1.Ro Rc) ( )

.................,, ,...............: ...........................,_ o ,•_, ....I/-_. ___t_m_i_ll
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i_:i System 2 contains no single failures, but 6 double failures that fail

ii the system, i.e.,
,g,

';:("!! Vi and V2 fail closed

ii!i' " V3 and V4 fall closed

V1 and V3 fall open

V1 and V4 fail open ....

V2 and V3 fail open

V2 and V4 fail open

C_nsequently, the approximate reliability for System 2 is

2qc2 qo_:I R _ 1-2N - 4N2 2 -:

l-2N2(qc2 + 2qo2). [B.5]

SYSTEM 3

System 3 contains 3 valves in parallel and requires two valves

open for adequate flow. The system is depicted as follows:

I-_ ' i (Two va:ves open required_._. . " I for adequate flow)

I! The exact reliability model for this system Is
NR N)

3NR 3q �3R2NR 2N (l'Ro)(1-Ro c |B.6|
R= R° c o c I-R R

O C

_ B-3
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Since there are three single failures which fail the system open and

3 double failures which preclude adequate flow, the approximate, reliability

model fOr System 3 is

R _ 1-3Nqo- 3N2qc 2

l-3N(qo-Nqc2) • [B.]]

COMPARISON OF SYSTEM MODELS

A comparison of system failure probabilities using the exact and

approximate models is shown in Table B-1 for each of the systems discussed

above. For each case, 60 operating cycles were assumed and the one-cycle

component failure mode probabilities were varied'between 10-3 and 10"5.

Based on the results of this study, the followi,g conclusions are

drawn:

1. Exact success modeling is too complex for real system application.

2. It is extremely difficult to interpret the significance of terms in

the exact-model equations. Verification of the validity of these

equations is also a problem. ""

3. Failure modeling is simple to develop and easy to interpret, and for

values of Nq _ .01_ provides a close approximation to the exact solution.

It should be noted that for 60-cycle operation and the high -aliability

required for NERVA, Nq will always be considerably less than .01.

4. The use of failure modeling is readily adaptable to the prediction of

reliability associated with each of the failure effect categories.

Thus, system reliability can be correlated with criticality.

B-4
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_:: APPENDIX C

i,' _.RELIABILITY_REDICTIONS FOR STRUCTU_S EXPOSED TO N CYCLES
f:?,

__ The reliability analysis of structural type components genQrally

,;!'i; oonsists o£ a stress/strength type analysis. Under this analysls the

_'_" distribution of stresses Is compared with the dis_rlbutlo, of strensth to

"-.?;. determine the probability of the strength exceeding the applied stress and

ii:_" hence •resultin component success,

F a,t'./

' "Stress Dist--n Strength Dist-n
= g(s) f(s) 4

For a single _yele the reliability can be expressed as

S

R'// g(s).f(S)dsdS
-_,;

_£ the strength of the structure did not degrade as a function of cycles, t

_?,'-ii; and on each successive cycle assumed some random strength (independent of
....._, the strengths assumed on previous cycles), and on each successive cycle the

_,::, strUcture were exposed to some random stress, the reliability for N cycles

:"., vou.l.dbe given by RN. It should be noted that under this case# It would be

i-:"._,...: implied that the structure could be exposed to some extremely high stress
i- Y

_:" on some cycle and not fail and then _e exposed to some significantly lower

i _ii_i!i.., stress on a subsequent cycle and f.tl (because on the earlier cycle the

_: structure assumed an extremely high _trength and on the.subsequent cycle an
[ b ,

!:.:...". extremely low strength).

: ,:_" The above model, RN, does not appear to realistically depict the true

"" situation of a structure exposed to repeated stresses, The following

: -:, discussions of this problem are presented to provide a realistic analysis.

., c-l
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3"'
_-_", CASE I - FIXF.D STRENGTH

=,_ Assume .that the strensth off the strtw.au,:e,although unknown,

m_"_:" remains constant and does not degrade wlth .cycles, howeveg, on each

_ successive cycle the structure is exposed to a random stress.

g(,)

;.

gl
Suppose that a reliability analys/_ of the structure is performed

prior to test and a single cycle rellabIllty of .98 is determined. Assume

that the actual stress to which the structure was exposed on Cycle #i is

_ S1. If the structure does not fall du_tng Cycle #1_ it is concluded that

the strength of the structure exceeds sI. As a result the a priori reliability

of the structure fo_ Cycle 02 is higher _han it was for Cycle #I, e.g., .982 ,

because any stress less than sI cannot fall the structure, Assta_e that on

Cycle #2, the actual stress incurred is s2 (s2<Sl). Then the a priori

reliability of the structure for Cycle #3 remains at .982. If on Cycle #3

a stress of s3 is incurred and the structure does not fail, th_ a priori

_'eliabillt.y of the structure for Cycle #4 would be hlgher, e.g., .986, etc.

=_)i_,.: If the actual stress observed on each cycle is known, then the reliability

_i_! model is a function of the observed stresses. Rarely are the actual stresses

_,._:, knoWn, however.

. .'D: ',

_!_;i In the more usual .case the actual stresses to which the structure

_,'::,:.!_i. Is exposed is not known. The reliability model in thls case can be expressed

= j g(s)ds , f(s)ds

. whi-.h is the probability that non of N random stre_s values exceeds one

-_"- randomly selected strength value.

.... 1;-2

¢#



Proof testing of the _tructuro prior to £11ght is analogouA

to truncating a tall of the strength distribution. As a result of the

. successful completion of the proof test, it can be concluded that the

actual strength exceeds the proof test point (assuming the proof test

did not d,grado the strength). Z£ the proof test point is sufflclently

.. high, a 'trough" conse_vative estimate of the reliabil_.ty for N cycles

could be given by the following e_pression:

R.= f(e)ds

i L-. J
#

where: s - the proof test point, and it is conservatively assumed that
''._ p

failure occurs,if the structur_ is exposed to a stress higher than s .
P

CASE II - DECIt_DINGSTRENGTH.

.._ If the strength of the structute degrades as a function of cycles,

_he problem becomes complex. Assume the stresses vary randomly and

Independently from cycle-to-cycle and the mean stress and variation in

_ stress remain flxed. Also assume that the strength degrades as a function

of cycles; however, the stze_gth on cycle i is uniquely determinable

..". from the random strength on Cycle i. Al_o assume that the rate of strength

degrada_ion is independent of the magnitude of the initial strength on

-. Cycle I.

:, if " .

_'_ Stress

;

_ 1_ 2 ........ N
_ _ Cycles

. C-3
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r
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!

t

i

r where_ 01(_5 is a decreasing function representing the rate of

d_gra. ,t , ,. t....,. "_:rength, and Q(1) = I, and

81 represents the strength of the structure on Cycle i.

i

Proof testing under the case of degrading strength_uld be of lessee

value since the structure would be proof tested when its strength was

maximum (prior to cycling). The results of the proof test would be mote

meaningful if good estimates of the strength degradation (Q(1) function)

were available. Then the proof test result could-be used to develop a
r

conservative estimate of reliability.

PROPOSED IIETHODOLOGY DURING ENGINE PRELIHINARY DESIGN

In all but a very few cases, detailed data on the various structures

i will not be available.. This precludes the use of the methods discussed

previously. Historical failures for structures are available from previous

programs. These failure rates are based on tests of varying duration, in

_ome cases of unknown length. If it can be assumed that each of the tests

f were of sufficient duration such that the structure was exposed to the
I

_, maxlmumpossible stress, then these historical failure rates can be said to
iI

, be.the results of exposing structures to total operating life conditions.
J'

!'i, They would be analogoas to 60 cycle/10 hour type failure rates of NERVA

components. Based on this reasoning, reliability predictions for structures

during engine preliminary dertgn w_ll be based on using historical failure rates

!:{ raised to the first power _h_i since the failure rates are assumed to be

_ 60 cycle rates.

;: Rel60 cycles = R?

;_ When more detailed data are available calculations will be made

commensurate with the darn.

5!
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':" SECTION I

_,

_"'__ INTRODUCTION



3. _/'"

J 1.0 I ZOVUaION

_:i!! Presented In this volum __ is the analysis portion of the System Failure-

_i:- Mode Effects & Criticality Analysis (_HECA). The basic engine system analyzed

•_-: and its mode of operation are descrlbed. The assumed methods of engine operation

":if:;:" and control through all phases of opegatlon are defined..For purposes of analysis,••?G
::_ik:- the engine system Is divided into nine separate subsystems which are listed in

;_,-,,, Section 1.2. In addition, the analysis format is described, and the ground rules
___:,,_/ _?'.

=:}','i, and assumptions used in the analysis are given.
:b --'

.::;'/: 1.1 SCOPE

,:' Thls System FHECAdocuments the component :'_ailure modes and their

":,_'_'; effects on the engine system and classifies each according to its failure effect

_,,:,, in each engine operating phase. Each component has one or more failure modes or

:-,_" states that preclude performance of its designed function for all or a portion

-i_i_,: of the engine operating cycle. Each failure mode can In turn be caused by one or

::i!i:!!_ill more failure mechanisms either within the component or in the other parts of the
system that can affect its action. The effect on system operation due to every

_ii,,: component failure mode iS described as either the expected change in other components
j,. in the ,nglne system or a change in system integrity, operation, or performance.

_:,: This analysis has been prepared using an initial assumption that only the failure

"' under consideration has occurred (double failures are not considered).

-,,, This System FMECAwill be maintained as an integral part of the

,_,e,,_- engine design process and will be updated as a result of any reference engine design

:_'_ changes. A basic objective of this System FMECAis to assure a systematic and

--N_I:'/ detailed review of all possible sysl em effects due to the failure of system components
_: to perform their design functions. It. also provides the following"

_.: :; a. Identification of single failure points critical to mission
'_!,i:_"i success.

':_ b. A basis for system contingency analysls.

' ; 1 c. A basis for reliability and safety mathematical models.

_: _ d. A basis for maintainability studies.

I-1
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e. A basis for identification of the malfunction detection
.. requirements.

• f. A basis for establishing the instrumentation and control
requirements.

g. A basis for establishing computer simulation of malfunctlon runs
necessary to determine system effects.

h. A basis for developing component test programs.

i. A basis for identification of trend data characteristics
to be monitored•

The System FMECAwill be used as a primary tool in demonstrating

compliance with the safety and reliability requirements for the engine and, in

conjunction with the FHA, will assure that reliability and safety are effective

subsystem design parameters.

_ 1.2 DESCRIPTION OF CONTENTS

: i.2. i Summary

For purposes of this System I_ECA, the engine has been

divided into the following functional subsystems:

a. Turbopump Subsystem

b. Pump Discharge Control Subsystem

c. Turbine Bypass Control Subsystem

d. Cooldown Subsystem

._ e. Nozzle Assembly, Pressure Vessel & Closure Subsystem

-\ f. Gimbal Assembly Subsystem

g. Thrust Structure and External Shield Subsystem

h. Reactor Assembly Subsystem
7

' i. Structural Support Coolant Assemblyi

This breakdown differs from that described for the reliability

mathematlcal model (Volume I). It was chosen largely for the sake of convenience to

the FHECA to give a more equitable division of the narrative and analysis content.

Thus the bypass control, pump discharge control, and cooldown functionswere given

; separate identities from the remainder of the propellant feed system, and the pressure

/

i 1-2
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• ,±'_

!_ vessel and closure was comblned with the nozzle assembly and the external shield
d

!-" with the thrust structure The Inst.rumen_atlon and control subsystem does not
i '2

appear since it acts only to affect other end control elements such as valves nd

_ -" has no direct influence on the engine status at the system level of analysis.

__LY-,

-i_" A general definition of the engine and its subsystems and! _

i,'#" a description of the engine operating phases are contained In Section 4.1. A

-._ further description of each subsystem and its functions during each engine operating

__,_ phase is provided In Sections 4.2 to 4,10,

[_i_::i 1.2.2 Analysis Procedure
__
-_

L-._,-_i. This analysis has been performed in accordance wl th__-,_,_

:_, Procedure RIOI-300A as set forth in Data Item R-101, NERVA RellabliIty Program

_-" Each component of each subsystem Is describedland its

_'.. functions during each opf tlng phase are defined, All of the failu-ce modes

,,.. pertinent to each com_ nr: are listed and defined, and the effects on component,

::" subsystem, and system operation due to each failure mode occurring in each operating

::::_-- phase are described. Finally, each faiiure mode Is assigned a Failure Effect

_., Category for each operating phase based on the severity of the effects on engine

'il operation, The procedure format and analysis ground rules are described in
: Section 3.

d .

P
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_I_ 2.0 SUMMARY

__" 2.1 NNSS

_ The non-nuclear portion of the 400E engine contains 44 components

,_th a total of 242 possible single failure events. The engine operating cycle is

divided into 13 phases, and there are 2028 applicable single failure event -

operating phase combinations. The distribution of these combinations by Failure

Effect Category is _s follows:

CATEGORY NUMBER OF FAILURE EVENT -

OPERATING PHASE COmbINATIONS

I 22

IIA 531

lIB 210

IIC 119

TOTAL II 860

_:: TOTAL III 595
:I-:_i_

zv 5sl!__!.:%
/S_ TOTAL . 2028

=i_i: The remainder of the potential of 3146 combinations (242 x 13) are inapplicable for

_-_i_:i operational or functional reasons described in the analysis of the individual

-_i_ components. The breakdown of these data by component and by subsystem is presented

_: in Table 2-i.

-_'_. Sixty of the above Category IV combinations result from violatlon of

-'_' the current restzaint on the rate of change of chamber temperature (+_ 175"R/sec max.)
.:+i.:_i: !
++-+_ during the transient response to a rapid loss of flow through one of the TPA legs

_! when the engine is operating at or near the design chamber temperature. The mal-

functions involved are Inadvertent Closure (Rupture Speed) of a PSOV, TBV, or TDBV .

% '_.L " i

2-I _ !
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or rupture of a pump inlet line, a turbine discharge line (isolatable segment_,

or a PDKVAvalve body during the phases from Thrust Buildup through .emperature

Retreat. Whether the consequences are severe enough to warrant the Category IV

classification is not certain at this time. However, since there is the possibility

• of significant damage to the reactor core that could preclude further engine operation,

these malfunctions are assigned to Category IV pending analysis of the specific

effects.

A potential problem exists in the chflldown of the two TPA legs in

parallel. If the flow impedances of the two pairs of spring closed pump discharge

check valves are substantially different, the entire chilldown flow may pass through

the lower impedance leg with consequent failure to condition the other TPA for the .:i_

Start o_ powered operation, i_i

2.2 NSS '

A System FMECAhas been prepared for the NSS using an initial

assumption that only the failure under consideration has occurred. Double failures

have not been considered. NSS component failure modes and their effects on the

engine system are documented in WANL-TME-2770. In that TMEone or more £ailur_

modes have been postulated for each NSS component that precludes performance of the

NSS design functions for all or a portlon of the engine operating cycle.

Each failure mode identified is caused by one or more failure

mechanisms either within the component or in other parts of the system that can

affect i_s action. Failure mechanisms of component parts leadlng to an ECC NSS

failure mode have _een identified and are also documented in WANL-TME-_7_Q.

When conducting a system level FMECA, the effect on total system

operation due to every component failure mode is described in a manner that relates

to either the expected chan_e to other components in the engine system or a change

in system integrity, operation, or performance. Key failure modes for the NSS have

been abstracted from WANL-TME-2770 and are summarized In Table 2-2. Included with

the data presented is the failure effect category for each failure mode. The key

2-2
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il

_" failure modes were selected from the reliability prediction standpoint and/or from

.... the crltlcalltles assigned with regards to mission success. Growth factors for

-j rellability improvement are included for consideration during detail design and

-_::_ assessment phases of the NERVA Program.

-_ In summary, a total of ninety (90) applicable system level failure

modes have been postulated for NSS components du_Ing an engine operating cycle.

Of this total thirteen .(13) have been assigned as Failure Effect Category IV,

twenty-elght (28) classified as Category III, t_enty-four (24) set as Category II

and t_enty-flve (25) as having negligible effect and therefore assigned as being

Category I.
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SECTION 3

ANALYSIS PROCEDURE AND FORMAT



3.0 ANALYSIS PROC_:DUREA_ FORI_T

3.1 FI_ILUREANALYSIS PROCEDURE FOPJ.L_T

The basic analysis element for the Engine System F_CA is the

end component as defined in 3.2 below. For each component, the following

information is supplied.

3.i.1 Description

a. The component is det.ned and described, and pertinent

design information is supplied.

b. The required functions during each operating phase are
defined.

3.1.2 Failure Hodes

The appllcable failure modes of each component are listed
and defined.

3.1.3 Sumnary Sheet

The Summary Sheet llsts the Frllure Effect Category

associated wlth each potential failure mode during each operating phase.

3.1.4 Nork Sheet

The work sheet describes the effects on subsystem and system

operation for each failure mode occurring during each of the engine operating

phases. Both the effects under the influence of the normal enslne control mode and

any corrective action required r_ revert to a recovery mode of operation or an

emergency mode of operation together with the end effect of that action are described.

The final column on the work sheet is a preliminary assignment of the Failure

Effect Category for each failure mode based on the engine *.:ratin_ effects, Final

.. assignment of the Failure Effect Category will be made as part of the Flight Safety

_i Contingency Analysis in Data Item S-f03.

._

3-I
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3.2 DEFINITIONS AI_ GROUND RULES

3.2.1 Definitions

The following definitions form a part of this

analysis:

a, Component

For the purpose of this _[ECA, a component is

defined as.a part or assemblage of parts tnat performs a distir_,'tfunction

and that exercin_.s a direct influence on the operating status of the enEine

svQt_m with(_ut requrlng action by an intervening part or assembly, Included are

all individual valves, the lines and their Joints, the TP_'s, the control drums,

the fixed portions of the reflector, the internal shield, the fuel elements,

the cote support structure, the stems, the nozzle, the cha_.ber, the external

shield, the thrust structu:e, and the engine gimbal a.qsemblles. Excluded as
,i

, separate cc._pon¢,ntsby thl_ def_n4tion are tl,e valve actuators, all part of
|

the ,_o.trol and instrur_entat._on sub_ystemt an.' any other parts of the system

that act through a_other si.Rle part or assembly to influence the engine operation.

b, Failure Mode

FAch component has one or more states or conditions

that preclude performance of its intended [unction for all or a pottio_ of the

engine operatin_ cycle, A failure mode Ic the dencription of that state of

existence. Each failure mode can, in turn, be caused by one or more failure

mechanisms eitheT within the component or i_ the other parts of the system that

; can affect its action, For example, a component failure mode could be a valve fails
/:

to open while the part mechanisms which produce the failure mode could be actuator

, housin8 rupt" .J, sptin& fails0 solenoid fails, shaft hr_ks, etc,

!"
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|.

, c. Failure Hode Effect

A failure mode effect is a description of the

.: expected change in other components in a system or change in system integrity,

operation, or perforraancewhich results from the defined failure mode. A

failure mode effect will carry through successively higher assemblies to the total

_ system,
_,

d. Operational Phase

An operational phase is a period of time where the

: enBine is exposed to a different level of external and Internal environments.

The NERVA engine operation is divided into 13 such phases. These are listed and

defined in Section 4.1.2.
'
7"

e. Recovery .+:ode(Failure Effect Categorles IrA, _ or C)

..

A m+de of operation by _'hlchmission objectives

can be met following a failure.
="

" f. Fmer|ency Hode (Failure Effect CaReRory Ill)

A mode of operatlon destRned to obtain a safe crev

return and to preve:_tdanger to the earth population followin_ a failure which

precludes meoting stated m[snlon objectives. Min[mu_ requirements to effect

Emergency Hode are stated in the current f_ERVAProgram Requirements Document, SNPO-C

. Document No. SNPO-_PRD-I (HPED).

, Operations in an Emergsncy Hode must be attainable from all

operating modes of the engine cycle including all mhutdovn modes and coast modes.

/

|. Emergency Action (Failure Effect Category IV)

" Action required for crew survival followin_ a failure

_ vhlch precludes operation in the Emergency _ode.

h. Failure Effect Category

The classification of each failure mode based on the

'" 'J-3
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r.

_" severity of its effect on engine operation. The Failure Effect Categories used

b:,:. for this _ECA are defined in Table 3-1.

3.2.2 Analysis Ground Rules

The following ground rules and assumptlons were used in

:. this analysis:

• a. All components are designed and fabricated to correct

specifications, and an engine built from such components will perform within the

: prescribed operating limits.
;

. b. The analysis is made for single component failures

• only. 51multancous or 1_on-slmultancousindependent failures of two or more

components are beyond the scope of the present analysis.

c. A failure of a component_ whether that failure 18

caused by the component itself_ or by tile actuator for that co_ponent_ or by loss

of electrical po_er to the actuat_r, or by loss of either input or output control

818nals, is considered to be a failure of the component being analyzed.

" d. The system effects of a malfunction during a partict, lar

phase are evaluated on the basis that the engine entered the phase in an unfailed

.. state.

.. a. The effects must be relative to the phase under

¢onslderation.

f. tf a function Is no.__trequired within 8 phase and that

." function is lost because of a failure, the failure vii1 be categorized as HA (not

applicable).

" g. Assignment of the Failure Effect C_tegory for a failure

in an action ending a phase is made to that phase. The only exception Is malfunctions

3-4
7
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occurring in the transition from phase C to phase D. For exar_ple, failure of a

PSOV to open would be assigned to phase D ( Temperature Conditioning) rather than

C (P re-Start Operations).

h. Failures during checkout (Phase C) are categorized on

the basis of thclr effects on subsequent operating pha_es.

i. A propellant llne sogment includes all lines, fittings,

Junctions, bellows, welds, etc. in the designated flow path description unless

othcrwlse specified.

3-5

00000002-TSG07



q
+_ + , d

o_,+ +,:

......!_ TABLE 3-I

++o+. Or +afety de+r+dati+n o+ the syst¢=, el!c+ ¢c_+inued operatioo lm
_;+ t' the no_-+i _ede th:ou_zu: t_e rated ecglno Life. and do not [esuit
--4=

_l+ In the addition of 5:'+_¢ Failure Points to the system.

"_:_:_i (_) C^TUGO_¥ It o F_:lures frc_ which the cn_Ino can recover am_ still

--_i,, I_et its nor_._l-_:_ ;cr_oz':.an=e _d set.lie llfe re_ulre_nt$ by
=)_. svltchln_ to or rc_crc_c_ to s re=_erF _- bu: which _o resul_
:_*' in the e_tlcn of ©_e or _ore $1n_le Failure Po_nts to the sys_en.

_..i+_,_,+ Failures in t_/s category are further sub_vL_c_ as foll_v$_

_/" IIA - Failures vhich de_ra_e the safety of ccnttnued eperation8, but
=_, vhlch do not Fr_du:e tr:n+Le_t e+fec_s an_. a_ the ti_+ of

="':+_+_ fallur©, do _o_ require a_t_-aclc or =_nu_ action for the
__ recovery _=_e. Faitures c_ _afecy s_ate=s en_ standby-redundant
_ii_._ couFonents fall vlthln t_Is cat©lory.

i,/*. 1I| - Failures which are co..-_cneated for euto--_tically by the norasl
++._ ¢ontrol c_e or _hich pz;du:e transient effecta which can be

-_:"il tolcrete_ _ the _','ste_ a_ _hic_ per_t ti_e _or human _ud_e-
,_. I_nt to be e_ercLsed _n th_ rcth_4 an_ dcsLrab_lity of the

• ," recovery _odo. Failures _hich results the fun_tioalcZ of safety
lyric.s Ct tecu_snt ¢c=_o_ents to _recIu_e CiteSory IZiB effects

'i?_, |a_l within this catelory.

_": I|C - Failures _htch require t--+_fste c4tf_ction detection end sub-
+":."_ Seqc:_: &c:_c_ t_ te_v. _; :_,_en the trat,aient effect and to
":': _ preclude tys:e_ d_a_e. £_'_tc_i_ to :_e recovery _c fs usually

':_. ltc_plis_,cd aut_-atica_17 by the _a_functL:a _etection syotes o_
-.i;++'i" by the e_+|_e cetera| system. Failures w]+|ch requite the avco_ati¢

+ lu_ction_n$ :_ safety systems or redu.._ant c¢_'+ponantt to prscZud_
.....:,/ _attlory IV effects f811 within this catt|=ry.

': (3) CATi_ORY IZi - Failures which result in inability of the angina to celt
..i/_`' its nern,,Jl-_ode parf_ance or service-iris requirements but vhich 811o_

4 EaSt|they _de ,_e_atten or Sl_le _urb_pu=p Operation. Failures in this
:_ cstelory lea further subdivided II Ioll_vs:

IlIA - Failures which requite Sinlll Turbopu--p Operation.

Illl - Failures which requite L_erllncy _ode Operatin

.......... . (_) CATEGORYIV - rallurel which result in direct injury to th4 trey,
"=_ ..... ¢ndanler the ecrth's _cpulaticn, or der.t£e the l_lglCrMt or other

:, itlI t _odutel m_on v_tch crew sut'_tVll dtplndl. II_[]Ot which preclude
F.ll41rle_cy }rode ¢:lrlt|¢fl. _hil clte_ory includes fl|lirll whiCh produgl

" ¢ml or sere of the fol|ovlnl tystes tffictol

,_ Is) Uncorrectsb_e thrult vector ets_lil.'_tnt.

_) LOIs of thrust to less thin that requited to effect YJ_erllncy
14odeO;eration,+,

g (e) lnablltt_ to red.el thrust er u_successfu| shutdmm and/or cooldovn
which Frccludcs c_tnl restore.

, (d) Cnsucccqsfu_ st_rtu_ to attat_ thrust e_ual to or Sreator than

+++._. that required for L_crGcn¢/ P:ode Operation,
+.

r

3-6
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ti 4. O NNSS FAILURE _tODES AND EFFECTS ANALYSIS

i

i: _ 4.1 ENGI_ SYST_I DEFINITION

_ ':' 4.1.I Descrlptlon

._ _.

The I_RVA engine utilizes a nuclear reactor to provide

heat Input to liquid hydrogen propellant to obtain a high specific impulse

o/:_ propulsive force for space-mlsslon applications. The engine incorporates a

..... pump-fed, full-flow cycle. Low pressure liquid hydrogen is received from the

/!;'i stage, increased in pressure by a pump, delivered to the nozzle coolant Jacket

and reflector where It recetCes some heat energy, passed through a turbine which

:, drives the pump and then through the reactor core where it is heated to the

i _ desired temperature and finally exhausted through the thrust nozzle. The

-. temperature of the exhaust gas and thus the specific impulse is controlled by

1.o j: the position of the control drums In the reactor assembly and by the quantity of
i , _,7

i., hydrogen In the core. The thrust level is a function of the amount of hydrogen

_ being exhausted and is controlled by the quantity and energy content of the gas

i:. flowing through the turbine.
[ ,,

i " ,"

i ° " The fluid flow paths are illustrated for the NERVA
i

engine in Figure 4.1-1. The engine is divided into two major porclons, the Nuclear

." Subsystem (NSS)t comprised of the reactor and the SSCA which controls the propellant

flow through the core support structure, and the Non-Nuclear Subsystem (NNSS)

which is the remainder of the engine up to but not Including the main propellant

tank.

For purposes of the DiECA, the NNSS is further divided

o : into seven subsystems. The five of these Involved in the flow and control of

,;:,, propellant through the engine are outlined in Figure 4.2-I.

4.1.1.1 Turbopump Subsystem'.,',

_= The turbopump subsystem starts _tth two parallel

! flow paths from the _fain Propellant Tank (_T) path containing a block valve (PSOV).

: The flow paths continue through 9.7" low pressure pump inlet lines (PIL) to two

_ separate turbopu_ps (TPA's) where the stream pressure is increased. The flow then is

: ;_ _ discharged into 5" pump discharge lines _PDL) each containing two check valves (PDK%'A

,- and PD_V). The t_o strea_s loin into a common 5" line leading to the pump discharge

control subsystem (PDCS). Fr_m the pump discharge control subsystem, the flow is

/
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i__,:;

_z, again picked up by the PDL and trans_itted to the nozzle torus. Propellant is

jE:_'_if',o_,, tapped off the PDL upstream of the PDCS for reactor coolant and reactivity
L_::,
_'/_ control by the SSCL and downstream of the PDCS for supplemental reactor coolant

F:'_,:. by the SSBL.

_.,.:.'..... After the hlgh pressure flow has passed

_::,_:. through the nozzle tubes and reflector, it is recomblned with the SSCA stream

[_i' inside the pressure vessel and then re-enters the turbopump subsystem through
_, the 7 1/2" turbine inlet llne (TIL). The flow continues through the TIL's to
i'.f:

:._. the turbine side of the TPA's except for that portion which is diverted through

,. ;.::';'2 the bypass subsystem. The flow through the turbines 'discharges into another

-_'fi!i:'; 7 1/2" line (TDL), combines with the bypass flow, and passes back to the pressure

_,.._m vessel, thus completlng the cycle in the turbopump subsystem. Block valves

_Z_'- (TBV's and TDBV's) are Included in each of the TIL's and TDL's to provide emergency

i :._.._. shutdown and £solatlon capability for a malfunctIoned TPA and to prevent flow

:_,_2.' through the turbines during engine chllldo_m and cooldown periods.

-:.ii,'_;!:_ 4.1.i.2 Pump Discharge Control Subsystem

_:}:_[ " The pump discharge control subsystem consists

_::,.. of two block valves (PDBV*s) and two control valves (PDCV*s). Their package,-J,

-_ : configuration is two parallel legs each containing one block and one control valve
-'_:_/4'
l._.:i....., in series. The subsystem accepts the primary propellant flow stream from the
_;? 2.
: upstream section of the pump discharge llne and delivers it to the downstream!

:._.:.. section of the PDL. The purpose of the subsystem is to provide part of the system

_..... flow control during the startup and shutdown transients. During normal steady

'"""..:,..._ state operation at the design point, the valves are wide open and have no control

.' ,,"'. func t Ion.
)

'-_,;.:: 4.1.I.3 Turbine Bypass Control Subsystem

"-",i%'!. The turbine bypass control subsystem consists

___"_."', of two block valves (BBV*s) tnd two control valves (BCV*s) with the associated

, _-. lines in a quad pack configuration slmilar to the pump discharge control subsystem.
! <'

• , The 4 in. turbine bypess llne (TBL) connects between the TIL and TDL of the turbopump '_
e-_ , ,

...:. subsystem. The purpose of the bypass control subsystem is to provide partial 1

_ ;_;" regulation of the quantity of drive gas available to the turbines and to provide

..... a flow path around the turbines when propellant flow without turbine operation is

,. " desired.

i f'
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4.Z.Z.4 Cooldown Subsystem

, The cooldown subsystem consists of two block

_: valve.s (CSOV's) and two control valves (CSCV's) Joined together in a quad-

pack and the 3" llnes between the MPT and the discharge llne from the $SCA.

..... Its purpose is to provide coolant to the reactor following high power thrust

_', operations.,

-_;. 4.1.1.5 Nozzle Assembly, Pressure Vessel and Closure
'_" Subsystem

--¢:- The nozzle assembly consls_s of the nozzle

i_:" and nozzle extension. Its function is to direct and expand the exiting

;_ propellant gas to provide the engine thrust. The nozzle con_alns coolant tubes

_ and is cooled by propellant flow during operation. The nozzle extension is

.i_,, constructed of fibrous reinforced graphite composite. The nozzle has a 2_:I

:: expansion ratio, while the nozzle extension increases the _xpanslon ratio to

100:1.

"': The pressure vessel houses and provides support

2_- for the Nuclear Subsystem and contains the hlgh pressure hydrogen propellant

'.- fluid which flows through the nozzle tubes and around the enclosed reflector to

: the internal shield. The assembly also transmlts_hrust from the nozzle to the

"" lower thrust structure.

:

,,, 4.1.1.6 ...... Thrust Structure and External Shield Subsystem

" The thrust structure is the primary load carrying

_;. member of the engine. It transmits thrust and inertial loads between the pressure

vessel forward closure and the main propellant tank st_uctur.e. It is divided into

--':: two parts by the gtmbal assembly. The lower thrust structure lies between the pressure

_r vessel and the glmbal, and the upper t_rust structure lies between the glmbal and

: the tank.

The external shield is attached to the lower

_:_i_ thrust structure Just forward of the pressure vessel. It is a compos:[te inert

;_' structure used to _ttenuate the nuclear radiation from the reactor assembly for mannect

'_: missions. The external shield Is removed from the engine for unmanned missions.

O

i
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i_,. , 4.1.1.7 Gimbal Assc_mblySubsystam

i:=_,}):_. The gimb_l assembly cozlslstsof the glmbal

': structure that interfaces with the upper and lower thrust s_:ructuresand the glmbal

;_ . actuators. The glmbal actuators are a servo-control syst_Jm_.onslS_ingof olvctro-

'ii? mechanical actuation mechanisnlsand a control amplifier. 11_ two glmbal actuactcrs
'it;'

._ are located 90° _part to provide thrust vector position con1:rolabout the pitch and
k *

yaw axes.

_ 4.I.2 Engine Operatlng Phases

ii_} The following Is a description of the a,sumed operation
i- ':;?

i_-_,[ of Reference Engine I137400E. Revised per PD-12151A, as used in :his analysis.

:-g Engine operation is divided Into 13 different phases, and the FHECAts prepared for

_:" each component consider the effect on engine operation for each _hase assuming the

_,_: engine entered the phase in an unfalled state. The reference engine flow schematic

_:'_:. is shown in Figure 4.1-1. Figure 4.1-2 indicates the engine valve and control drum

'_:'_.::i::,. positions for normal engine operation for each operating phase, aud the valve :!
_.,'.. actuation times are listed in Table 4-1. The primary engine control modes and the

_:_i_ normal chamber pressure and temperature as a function of the engine operating phases

_},iil are indicated in Figure 4.1-3. Figure 4.1-4 is a chamber temperature - chamber

! *:_ pressure operating map showing the principal operating const_alnts and the normal

_} operating region during eng:_ne startup and shutd_rn. '

i-_' I
; _*I 4.1.2.1 Launch

i
i-II Prior to lauv, ch, the e_gtne is purged with

: _' nitrogen gas to rid the system of trapped _tr. This is followed by a purge with?i/
_:i:'i_i dry helium gas to remove the nitrogen. It Is planned to use a burst dlsc to seal

"-.ii".:_' the system after these purges are completed. The propellant tank is then loaded

a__ with the desired quantity of liquid hydrogen, and the vehicle Is launched by a7 'i

,,<_." booster rocket into earth orbit. During the launch phase, the main propellant

=i tank pressure is maintained at a minimum of PSAT = 15 pal..

i: i_. 4-4
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Coast Period

4.1.2.2 Post Operations .....

The post operations phase, as used in this

System FP_CA, applies to both tile initial coast period, after boost into orbit

and before the first burn, and the period between the end of cooldown after one

burn and the beginning of pre-start operations in preparation for the next.

During post operations, tile propellant tank pressure is held below 31.5 psia by

moans of a relief valve. This venting syster_ is not considered to be part of the

nuclear en_ine.

4.1.2.3 Pre-Start Operations

The pre-start operations phase consists of

engine fmctiol,al and status checks to assure readiness for Itartup. Prior to

each burns each of the BBV'ss.I'/W's, TDBVts_ PDBV's, BCV's, SSBV's, SSCV's, CSCV'e

and £tmbal actuators is cycled through its total position span ending at its

norual pre-start position. The control dru_s are moved out far enough to confirm

that they can be rotated and then returned to tile zero position. Finally, the

PDKV^ actuators are withdrawn to the open position, and the SSCV's are closed,

completing preparations for the thermal conditioning phase.

Startup Period

4.1,2.4 Thermal Conditioning and Nuclear Startup

The therial conditioning and nuclear Itartup

phase consists of pu_p chilldown and reaczor thermal conditioning and ,larrup.

The SSCV's are placed in position control at their mlnimum control position and

the P$OV°a are opened to initiate liquid hydrogen flow to the engine under tank

pressure. At the sa_e tlme, the drums are progrsnm_d out expon_ntially to s

preset level and then placed on a slow linear ramp. k_en the chacaber temperature

increases to 900_R (or increases by a set Increment in the case of a restart),

temperature loop closure occurs, a_d chand>er temperature control is initiated.

&-lO
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The chamber temperature is maintained at about 1250"R_ using drum control, through

the rest of the temperature conditioning and bootstrap phases.

Flow continues under tank pressure untll the

impeller areas of the pumps are sufficiently chilled to provide a head rlsewhen

powered. It is estimated that this condition wlll be satisfied when a quallty of

about 30_ vapor volume exists at the pump inlet. _en this occurs, a signal is

generated to initiate the bootstrap period of startup.

4.1.2.5 Bootstrap and Powered Olilldown

Upon receipt of a signal to initiate bootstrap,

the rBV's and TI)BV'sar,,opened to supply flow to the turbines with the BCV's held

open in position control. The PDCV's are ra_ped to a near closed position and then

placed In a closed luep control mode using pump speed as tile prime feedback measure-

ment with the de_md ramped to t_,e desired pump speed of about 6000-8000 RPM. A

hold Is _de at this pump speed and a chamber teraperatureof about 1250*R in order

to condition the TPA balance piston and bearing areas to liquid hydrogen conditions

prior to operatlo_ at high pump speed. At 6000-8000 RPH, the pu_p discharge

press,ire is sufficient to drive hydroge, through tit(, pump bearing cavities and

balance _aton and thus produce cooling of these areas. When both pumps have been

sufficl.,ntly chilled, a chilldown complete signal is generated that initiates the

thrust buildup period of operation.

4.1.2.6 Thrust Euildup

• [ecetpt of the thrust buildup initiation

otgnal starts a program_ted engine ramp to the throttled operating point (270 psta

chamber pressure _nd 4250"R) at l$O'_/sec, and then to the rated conditions (450 pets

chamber pressure and 4250"R chamber temperature) at 50 psia/sec. During the early

portion of this transient, the SSCV'_ and BCV's are programmes in position control

• with the druu and PDCV's acting in closed loop engine feccback control to trim

the engine atone the desired path.

t-ll
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The temperature ramp is initially controlled by

the drums with the $SCT's at a preset position. When the chamber temperature

reaches 3000°R, the drums are placed in their throttle hold position, and

temperature control is switched tc the structural support coolant flow (SSCV's).

The chamber pressure is controlled during thrust buildup to the throttle point

by the PDCV's with the BCV's programmed from full open to their normal throttle

point position. At the throttle point, pressure control Is switched to the BC¢'s, and

: the PDCV's are progranu'0ed open during the traverse from the throttle point to the

design point. The drums are ramped from their throttle position to the orifice

• position during this traverse.

4.1.2.7 Rated Operation

A. Normal Mode (Two TPA's)

Rated engine operation is maintained _rlthtn

the controllability limits at the design point by ccntrol of chamber pressure with

the BCV's and control of chamber temperature with structural support flow regulation

by the SSCV's. This mode of operation is conttnue_ until engine shutdown is
Initiated.

B. Malfunction Mode (_ne TPA)

The engine is designed to operate at rated

chamber temperature, but at a reduced chamber pressure corresponding to 80% of

:- _ated thrust vith one leg of the propellant feed subsystem inoperative. Should a

. condition be detected requiring shutdown of one leg, the PSOV, TBV, and TOBV

of that leg are closed, the maxtmmn chamber pressure demand is reduced to 360 psta,

i and the BCV's and SSCV's adjusted to give the reduced thrust level.

:" Shutdown Period

; 4.1.2.8 qhrottltng

The engine shutdown Is initiated with a

reduction In chamber pressure at a rate of 50 psi/set to the throttle hold

point (270 psla chamber pressure) while the chamber temperature is held constant

" 4-12
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at the rated level (4250"R). During the transition, the pressure remains in BCV

_,...: control, and the PDCV's and control drums are progrananedto their normal throttle

point positions,

! _"" 4.1.2.9 Throttle Hold

z-_':

i = A short steady-state hold is made at the

L:I throttle hold point to allow some of the fission product inventory generated earlier

i!t to decay and thus reduce the propellant requirement for pump tailoff and cooldown.Chamber temperature and pressure control rematn with the SSCV's and BCN's respectively,

!it 4.1.2.10 Temperature Retreat

. hold, pressure control is switched to the PDCV's with the BCV's in programmed

'.,t position control_and engine shutdown is continued with the chamber temperature and

F_:I pressure ramped to 2600"R and 160 psla at a temperature ramp rate of -150*_/sec.r"
! ,L

i ": The shutdo_ is initiated with the chamber

i ::_ temperature in structural support flow control with the drums fixed at the throttle

!: : hold position, h_en the SSCV's go full open (or to a preset position), they are

_: held fixed and control is switched to the drums, k_en the chamber temperature

"ii reaches 2600"R, the drums are rolled to their full in position at the maximum

:_ actuator rate, and temperature retreat is completed.

°: 4.1.2.11 Pmnp Tatloff

h'hen the drums have been roiled In, the
i

- chamber temperature control is switched to the PDCV's, initiating pump talloff,

_i_: and the chamber temperature demand is decreased along a programmed profile. Nhen

;" the chamber temperature decreases to the maximum cooldown limit, It is held

',::;I constant by continued turbopump operation until the coolant flov requirement decreases
.!

to a level that can be supplied by tank pressure only, At this point, the TBVts

i' and TDBVts are closed, tenninatin8 pump operation and the pump talloff phase.

,! From their position at the end of temperature

: ! retreat, the BCV's are programmed to be full open at the end of pump tailoff.

*oi

i"
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At some point as yet to be defined during pump

tailoff, the CSOV_s are opened_and the operating CSCV is cracked open to permit the

vapor dccumulated In the cooldown llne and that generated in chllllng It" to be

vented back Into the tank and the cooldown llne to be filled with llquld prior to

the start of the cooldown period.

NOTE: As the system power Is ceduced, the operating

point of the pumps moves closer to the stall region. Recent engine system analysis

indicates that the stall point may be reached some time durlng pump tailof£ with

both TPA's operating. To preserve stable engine operation, it would be necessary

to shut down one TPA and conduct the rest of the talloff phase on a slngle leg.

At this time, it is not certain whether this is required and, if so, when the

transition would be made. In addition, no assessment of the capability of bringing

the idle leg on line in time to prevent nozzle and reactor damage in the event of

a loss of flow through the active leg has been made. In light oi these factors,

the current analysis is made on the premise that both TPAts wlll be In operation

during the pump tailoff phase.

Cooldo_rn Period

4.1.2.12 Early Cooldown

Nhen the pumps are shut off, the system

pressure proflle permits the return springs on the PDKV's and PDKVA's to close

those valves, terminating flow through the pumps. The PSOV's and PDKVA's are then

closed and the PDCV's, SSCV'_and operating CSCV fully opened. Continued liquid

coolant flow to both the ptems and reflector is supplled through the previously

ch£11ed cooldown subsystem.

When the chamber temperature decreases to the

lower cooldown l£mit, the SSBV's are closed. Thls terminates flow to the reflector

while structural support coolant flow Is continued through the open CSCV. Nhen the

temperature of the stem liner material increases to a limiting value, one SSBV Is

opened to initiate flow through the reflector. The SSBV is closed tet_tnating

4-14
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reflector flow, when chamber temperature decreases to a minimum limit. This

sequence is continued untll the limiting reflector-material temperatures occur

before those of the stem llnermaterial. When the minimum temperature limit is

: attained during this pulse, all flow to the engine is interrupted by closlng the

CSCV. The SSBV remains open.

=._', 4.1.2.13 Pulse Cooldown

Cooldown pulses are introduced by opening the

CSCV to a predetermined position when the reflector material temperature increases

to the limit. The propellant flow rate is approximately 0.7-1.5 Ib/sec during a

pulse. Each pulse is terminated by closing the CSCY when chamber temperature

: decreases to the minimun, cooldowu limit. Successive pulses require the CSCV to

come to successively less open positions to maintain the desired flow as the system

cools.

The cooldown phase is _ermtnated when realtor

coolant is no longer required. Both the C_CV and CSOV's ar_ closed at the termin-

• atiou of the final flow pulse.

4.1.3 Operating Assumptions

The assumptions regarding the component and subsystem operation

and capacity used in the analysis are listed below:

a. The pump discharge contro! valves (PDCV) are operated in

active redundancy. Total flow requirements can be han41ed through one PDCV leg.
o

' b. The bypass subsys_e_ is operated in active redundancy.

Total bypass flow requirements can be handled through on_ bypass leg.

c. The structural support valves (SSCV and SSBV) are operated

in active redundancy during engine thrusting phases and in standby redundancy during

cooldown.

/
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• =

: d. The cooldown supply control valves (CSCV) are
=-_ .T

.... operated in standby redundancy, and both coolant shutoff valves (CSOV) are open

: _ during cooldown•

i.

e• A PDKVAcan not be closed against full pump discharge

: pressure

f. A PDKVAwill hold tank pressure in the normal flow

:..-_' dlrectlon. 1

...._.

'_ 4.1.4 Valve-._tlure Nodes

. ,j',

The failure modes of each component will be

listed and defined in conjunction with the individual component F_CA. However,

'/ to avoid repetition of much of the same verbage for each of the valves in the system,

• reference wlll be made to the standard llst of valve failure modes shown in Table 4-2.
Z

: The failure modes of s particular valve will be shown by exception or addition to this

i list• The probability of occurrence of each failure mode is contained in Volume I of

i-:' this report.

:--)::I.

",:2"

- T
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=_. TABLE4-2

_° VALVEFAILURE MODES

i

":_ Code Title and Definition

/'::" Ol Falls to 31ore From Full Open Position

o,_ Loss of the capability of the valve to move from the full open position after

......... being opened by normal actuator operation. The valve failure position Is

":- wide open, and it remains in that position for all subsequent engine operation.

_".- For compatibility with the reliability model and the double failure matrix
@ ,

_._F'., elsewhere in this Data Item, the inability of a block valve to close rapidly

_:_ enough to perform its intended safety function is also included in this

i.: definition, and for purposes of analysis its failure position is taken as

• open.

02 Falls to Move From Full Closed Position

_ Loss of the capability of the valve to move from the full closed position

....i. after being closed by normal actuator operation. _le valve failure position

Is fully closed and sufficiently seated to maintain internal leakage either

.....' forward or reverse, within the specified requirements, and it remains in

that position for all subsequent engine operatlon.-'@ ,

--_.... 03 Inadvertent Closure (Actuator Speed)

___" Movement of the valve to the fully closed, seated position when normal

.... _ system operation requires It to be in an open or Intermediate position.

=._:: Closure occurs at a rate corresponding to the normal speed of the valve

_: actuator. The final failed state is closed and sealed within the normal

_" internal leakage requirements with no subsequent capability to move from

' ': that position.
,..

v
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_.i:,;':i. 'rABLI_4-2 (Cent' d)
' !_.,

._,, 04 Imldvertent Closure (Rupture. Speed)

_.,.;, MOvement of the valve to the closed position when normal system operation

=_-'_;._: requires it to be in an open or intermediate position. The closing time interval
_-:ii!d'

"_':• (20 - 50 ms typical) is much.shorter than the actuator operating time.

--'_': Closure occurs under the Influenc_ of the stream hydraulic forces or a closing

bias spring (if any), or both. Hence the mechanism gene_ally involves dis-

engagement of the valve stem from the actuator or rupture of the stem. The

final failed state is closed and sealed in the direction of the closing

stream forces. Nhether it is sealed in the reverse direction depends on the

existence and.strength of a closing bias spring and the existence and magnitude

of stream forces tending to drive it open. Differentiation is made between

the rupture and actuator closure speeds primarily because of the gross

differences in tlie engine transient effects and the capability for continued

operation following such a malfunction during the hi8h power operating phases.

05 Inadvertent Open

PassaSe of the valve to the full open position when the normal required state

is closed or. £nte_nediate, with no capabil.ity of subsequently moving from th_

i_::_i,,i,:::: open position.

-i_tF" 06 Failed Intermediate

2i_!_i_' This failure mode is applicable to binary valves only. The valve
_'"_:_' failure position is neither sufficiently closed to adequately block

_-,_._:i'," flow nor open at a _uitable position for continued operations at

-_°'i:,i rated conditions. The valve cannot be moved from this intermediate
...... position. The maC.function can occur as the result of a single failure

_',: only during the normal transition from one extzeme position to the

s¥. other. At any other time, it can result only from.multiple malfunctions

,:. and _ence is not treated in a single failure analysis.

_ _
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; ._.
,,, TABLE 4-2 (Cont'd)

..... 07 Falls to Control
"'3 "

!- ,;r

_;:7 This failure mode is applicable to any analog valve that is used either in

_:. automatic closed loop control or in prOgrannned position-_ontrol. It indicates

i :._,... the inability to respond properly to maintain the control variable within

,. :_. specified limits or the inability to properly follow a demand position profile.

_": There is no specific failure pobition.

:o2 08 Internal Leakage

.4

2:; Internal leakage indicates the passage of fluid past the valve seat when the

._. valve is in the closed position at a ra_e which, if unchecked, would

• !": preclude nornal operation or would result in sufficient loss of propellant .z::

:_ to preclude completion of the mission. The leakage can be either forward (in

:_!_!i the direction of the normal flow path) or reverse (against the normal flow

_!/" path) depending on the particular valve and the operating phase of the engine.

-. 09 External Leakage

_-" External leakage is the loss of propellant through openings in the valve

_. body or past sealing surfaces at a rate that precludes normal operation or

=k_';. that results in sufficient loss of propellant to preclude completion of the

• _,_,: mission. The leakage can occur on either side of the valve seat,and the
L_ '

=: - availability and nature of the corrective action for such a malfunction may

, :'_:. depend on the location of the leak. :_

/ 'i

, I0 Body Rupture

__j,::, Loss of the physical integrity of the valve body with accompanying gross loss
.>

of propellant and complete inability to transmit or modulate flow between the

"' contiguous line segments. The valve is not capable of sealing either Joined

,' line setment, and neither segment is usable for any phase of continued engine

•',,,! operation. "

6 :;
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4.2 TURBOPUHPSUBSYSTEM

4.2.I Vescriptiop._

4.2.I.I Funct_ton/Requirements

The turbopump subsystem draws !ow-pressure

liquid hydrogen (LH2) from the Modular Propellant Tank (_T) and dellvers It

at high pressure to the nozzle and the reactor as necassary for engine thrust

operations. It provides a flow path from the _T to the pump, the structural

support coolant assembly (SSCA), and the pump dlscharge control subsystem. It

also provides a flow pate from the pressure vessel to the turbine and return to

the pressure vessel. The turbopump subsystem, in conjunction with the bypass and

pump discharge control subsystems, must regulate the flow rates and pressures to

satisfy startup and shutdown thrust requirements. The subsystem must also prevent

propellant flow within prescribed leakage llmitations during non-operatlonal periods.

For normal operations, these functions are satisfied with two turbopumps _n parallel

with their related valves and lines. In addition, under certain malfuvctlon con-

4itions with one turbopump shutdown, the subsystem _ust deliver propellant at

pressures and flow rates to satisfy a maximurn thrust level of 80% of normal rated

operation.

4.2.1.2 Conflguratlon

The schematic configuration of the turbopump

subsystem is shown in Figur_"4.2-1. It contains two turbop,,mps(TPA's) that are

normally operated in parallel. Each turbopump leg has a PSOV between the NPT

and the TPA inlet, two check valves (PDKV and PDk_A) in the pimp outlet line, a TBV

in the turbine Inlet llne, and a TDBV In the turbine discharge llne. The indlvldual

pump outlet llnes Join in a common line that feeds the pump discharge control sub-

system and the structural support coolant assembly subsystem. The section of llne

leadlng from the pump discharge control subsystem to the nozzle torus is considered

part of this subsystem. The valves and TPA's are inter-connected by lines varylns

in size from I0.7 inches to 5" in diameter. These are the Pump Inlet Llne (PIL), Pump

Discharge Line (PDL), Turbine Inlet Line (TIL), and Turbine Discharge Line (TDL).

In addition, s three inch llne, STPL, from the TDL supplle_ pressurant to the MPT.

The instrumentation and controls for the operation of the above components are

considered to be part of the subsystem for this analysis.
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The primary TP^ control handles are the

pump discharge control subsystem and the turbine bypass control subsysteM. Analyses

_f these subsystems are presented in Sections 4.3 and 4.4.

4.2.1.3 Operation

The operating sequence of the valves in the

tu_bopump subsystem Is illustrated in Figure 4.1-2. During launch and post

operations (coast) all valves are in the closed position. The PSOVts are the main

block against propellant leakage fro_ _T. The PDKVA's, PDBY'a, TDBV*s and TDV_s

perfot'm the function of secondary blocks against loss of propellant should the

PSOVts leak grossly or be in other than the desired closed position.

At the start of the operatic, nal phase Ternoera-

Sure Conditioning and _uclear Start, the PSnV*s are opened to initiate LII2 flow to
the an&Ins under tank pressure. (The actuators on the PDKVA's were withdra_m durlng

pre-atart operations). Tank pressure opens the four PDKVvalves. At the same time

of the PSOV opening, the drums are prograuned out to obtain reactor core heating.

This operational phase _s continued for about 25 seconds during which time propellant

flow continues at a rate of approxtmtely 1.2 lb/sec, ghen the chamber temperature

reaches 900"R (or increases by a specified amount), the drums are plac_d In closed

loop control with a fixed temperature demand until pressure loop closure occurs. When

liquid hydrogen quality requirements ere eatislfed at the pump inlet and reactor

thermal conditionlnR requirements are met, the engine is ready to proceed to the

next operational phase,bootstrap.

• Bootstrap is initiated by opening the TBV's

• and TDBV*o and placing the PDCV's in closed loop control of the turbine speed.

- The turbine speed demand is rmnped from (} to 7000 rpm In IO sac. When the turbine

speed reaches 7000 rpm, the system Is held in that _tate until the TFA _earf, ngs

and thrust balance cavities have been chilled sufficiently to permit high speed

operation. The engine is then ready for the thrust bulldup phase.

t
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At the start of thrust buildup, the

turbine speed control loop is opened, and the chamber pressure control loop

is closed, with the control element still being the PDCV's, Chamber tempera-

ture and pressure demands are r_ped at a rate of 150"R/see and approxlmately

11.65 psi/second,respectively, untll a T of 4250"R and P of 270 psla (throttle
C C

point) are reached. Chamber temperature is then held constant while the chamber

pressure is ramped at a rate of 50 psi untll the rated operation level of 450

psla is reached.

Up to 270 pals, .the chamber pressure is

_ controlled by the PDCV's, and the BCV's are progra_ed from their Inltlal full

open position to their normal throttle point position. At that point,, the control

: is switched to the BCV's, and the PDCV's are programmed open during the traverse

'_ from 270 to 450 psia. At 300O'R during the startup ramp temperature control is

i switched from the drums to the SSCA, and the drums are placed in their throttle

_': hold position. The drums are then ramped to their design orifice position during

:_ the pressure traverse to the rated operating point. Thrust buildup from bootstrap
:_ ,
;_ to ratcd operation takes about 26 seconds.
Z;

. Operation at 4250"R and 450 psia is continued

with the S$CA controlling Tc and the bypass subsystem controlllng Pc until the planned

duration is completed.

At the completion of rated operation, shutdown

: is initiated with the operational phsse, throttling. During throttltngD Pc is

_i ramped at a rate of -50 psi/second until a Pc of 270 psia is reached. During this
L

transition, pressure is controlled by the bypass subsystem and the PDCV*s are

;_- progra_cd to their throttle hold position. The chamber temperature is held con-

' grant by _e $SCA at 4250°R.

_r The operational phase throttle hold is a

steady state hold position at 60_ thrust and full Isp (Pc = 270 pste and

Tc = &2$OeR) to allow additional time for some minor fission product decay to occur

_ while the chamber temperature is high. Again Pc and Tc control are maintained

i by the bypass subsystem and the SSCA. The duration of the throttle hold varies

_: depending on the duration of the prior rated operational period. A typical

throttle hold duration is about 100 seconds.
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Following throttle hold, pressure control

Is switched to the PDCV_s, and shutdo_n is continued with the chamber

= temperature and pressure ramped down to 2600°R and 160 psla. This operational

phase Is Temperature Retreat. The temperature ramp rate Is -150"R/second.

•" The BCV's are programmed open during temperature retreat In order to have these

= valves fully open prlor to the beginning of pump tailoff. Chamber temperature

is controlled Initially by the SSCA with the drums fixed at their throttle

'_ hold position. _en the $SCVts reach a preset posi_lon, they are held fixed, and

• _- control Is switched to the drums. Nhen the chamber t.emperature reaches 2600"R

_. the drmns are rolled in, completing the temperature retreat phase

?:_ At the end of the temperature retreat phase,

.: the pressure control loop Is opened, and the temperature control loop Is
'p

swltch_d to the PDCVts, initiating the pump tailoff phase. The chamber

:,:- temperature decrease continues along a programmed demand profile under PDCV

control until a Tc of I§24°R Is reached and coolant flow has decreased to about
_:':_ 1.7 lb/sec. At that potnt,..the TgVts and TDBVts are closed, shutting down the

_ TPA's and terminating the phase. The PSOVts and PDKVAts can then be closed to

conclude the subsystem operation...All of the valves in the turbopump subsystem
,' t

are now closed, providing double blocks against gross leakage from the _T through

7 the main propellant lines. The duration of pump talloff varies with the hold

time at rated operation. The duration of pump tailoff varies with the hold time

.: at rated operation• For I0 mlnues of full power, pump tailoff is about 4.S minutes.

" The turbopump subsystem has no operating

_" function during the oooldown period except for that portion of the PDL used

... to transport coolant from the SSCA to the nozzle torus.

,,. 4.2.2 Fallure.Anal_sls
._...._ '-

_:' 4.2.2.1 Propellant Shutoff Valve (PSOV)

_.. a. Description and Function

_".i The PSOV's are 9.7 inch spring-loaded

''_ poppet valves located In the pump inlet lines. They are binary valves providing

_i;! _ on-off control of pzopellant from the HPT to the TPAts. When closed,

r_
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each must contain LH2 within the MPT at a temperature of approximately

40°R and pressure of about 30 psla. The flow rate through each valve

ranges from 0.5 lbs/sec during startup to 45 ibs/sec during rated

operations in the dual TPA mode. For slngle TPA operation, flow can

range up to 75 ibs/sec. When the engine is operating in the single TFA

mode, propellant accumulated in the pump Inlet line by leakage through

the PDKV's or through the pump bearing is vented through the PSOV in

the inoperative leg back to the main tank to prevent overpressUrlzing

the PIL and rupturing its bellows. During cooldawn and coast, this

relief function is required at both P$O_'s to dispose of the propellant
• •

trapped in the subsystem when it is shut down. .........

The valve design (Dwg. 1139051) is shown

in Figure 4.2-2. The poppet stroke is .3..75", and the annular flow area

around the poppet in the full open position is somewhat greater than the

PIL cross-sectlonal area to provlde.minimumpressure drop during engine

operation. In the closed position, the maximum allowable internal leakage

(Inlet to outlet)is 150 SCIMwlth llquidhydrogen at 40°R and a pressure

differentlal of 30 psi. When the do_-astream pressure exceeds the tank

pressure s the poppet will lift off the sealing surface against the sptIng

force to vent the PIL back into the tank and prevent rupture of the bellows

in that line.

The actuator is located on the side of

the valve housing perpendicular to the flow direction and is downstream

of the sealing surface so that Naintenance can be performed on that portion

of the valve while the poppet remains closed to prevent flow from the tank.

The valve drive is an actuator shaft and pinion gear combined wi_h a rack

segment of the poppet shaft, converting rotary motion of the actuator

shaft into linear motion of the poppet shaft. The PSOV's have a design open-

in8 and closing speed of 5.0_1 second. Upon loss of electrical power

to the actuator_ the valve will remain in place.

For purposes of the FHECA, the FSOV is

considered to consist of the valve, actuator, el(ctrical power for actuator,

and control signals, both input and output. A _ailure of any of these

components is taken as a failure o_the PSOV.

4-25

" O0000002-TSEO8







•_._ 4-26¢ FL},ur_" _.2-2 (Sheet 3)

! ' ° " " ; _ " "°*-" :: ".... 00000002-TSE11



b. Modes of Failure

All of t_m failure modes listed in

Table 4-2 are applicable to the PSOV except Fails to Control (08), since the

valve has no modulating or position control function. In addition, it has a

mode called Fails to Vent, which is failure of the reverse veuting of propellant

in the pump inlet line back to the main tank through the PSOV in the inoperative

leg during operation in the single I_A mode or during non-operating periods when

propellant trapped in the pump inlet line generates pressures that must be

relieved to prevent rupture of the bellows.
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4.2.2.2 Pump Discharge Check Valve

With Actuator (PDKVA)

a. Description and Function
e

The PDKVA's (Figure 4.2-_ are 5

inch actuated check valves (Dwg, 1137291) located in the pump discharge

lines. Their primary functions are to isolate an inoperative TPA by

preventing back flow into the pump and to provlde backup internal leak

isolation to. the PSOV's during cooldown and coast periods. Each PDKVA

• is equipped with an electrical actuator that can drive it closed against

a pressure differential of 30 psl. Once driven closed, the valve is 1

5 held in place without electrical power to the actuator, and the actuator

Imust be retracted to permit subsequent openlng. When the actuator i_

_ retracted, the valve functions as a normal check valve. Each contains a i

:_ closing spring that will hold the flapper closed against a one "g" 1

acceleration. 5o crack open the PDKVA, a pressure differential of 0.5 i

i to 4.0 psi is required, i
!

,I

The PDKVA is a flapper valve with

metal to metal sealing surfaces. The flapper face is self-allgnlng by

means of a partial ball-Joint. Torsion springs which hold the valve in

a normally closed position are located on the pivot shaft between the

hinge ears which connect the flapper to the shaft. Antl-chatter snubbers

bear on each of the hinge ears, and each hinge is coupled to the slmft

with a spline. The shaft is supported by double row ball bearings near

either end. A potentiometer for monltoring the valve position is

; attached to one end of the shaft and is enclosed in a cover which is sealed

to the valve housing. Attached to the other end of the shaft by a spline

=!' is a two-tooth dog clutch, which is the interface to the actuator. Thet

I actuator housing will be sealed to the valve The andhousing. potentiometer

=_! clutch cavities are connected to the downstream side of the valve by small

bleed-off lines.

The permitted actuator opening time

is 10 seconds, maximum, while the specified closing time is 3.0 ._ 1.0 sec.

When being held in the closed position, the PDKVA will not leak from

;'. inlet to outlet in excess of 2.4 x 103 standard .cubic inches per

minute of CH2 when the inlet pressure is 30 psia and the outlet pressure is
{

,J
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zero. Under reverse flow conditions, the PDt_VA will not leak from

the outlet to the inlet in excess of 2 x 104 standard cubic inches

per minute when the outlet pressure is 1450 psia and the inlet pressure

is zero.

On loss of electrical actuator power,

the PDKVA retains its normal check function but cannot be opened if it

has been actuated closed.

b. Modes of Failure

All of the failure modes listed in

Table 4-2 are applicable to the PDKVA*s except 07, Fails to Control

In addition, the definition of Inadvertent Open is modified to mean

inadvertent retraction of the actuator from the closed positionwith no

capability of moving from th_ retracted position.. _hether the _alve would

actually open would depend on _he pressure differential across the flapper ......

A potential problem exists with both

the PDKVA*s and PDKVts during the Temperature Conditioning phase of operation.

A positive pressure differential of 0.S.- 4 psi must be maintained across

the valve to keep it open. If the valves in one leg are nehr the low end

and the others near the high end of this range_ flow may take place

preferentlally through the path of least resistance, resulting in failure

to adequately chill the other pump. This might require some change to the

operating procedure such as alternately flowing propellant through the two

pumps by sultz_ly opening and closlng either the PSOV's or the PDKVAts

to insure chilldowu of both pumps.
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4.2.2.3 Pump Discharge Check Valve (PDKV)

:_ a. Description and Function

i." A 5-inch check valve is located down-

_:_/, stream of the PDKVA in each of the pump discharge lines. They are actually

:; contained in common housings with the PDKVAts (See Dwg. 1139291, Fig, 4.2-3).

-_- Their primary function is to permit isolation of an inoperative pump by

i:ii_ preventing back £1ow of propellant from an operating pump into the inoperative

: _" pump exit.

_-:i:, The present concept of the PDKV is a ,_

_ flapper type valve with metal to metal sealing surfaces. It is similar to

_'_ the PDKVA except it ha_ no actuator.. The flapper face is self-alignlng by

_ means of a partial ball-Joint. Torsion springs which hold the valve in a

_, normally closed position are located on the pivot shaft between the hinge
_: ears which connect the flapper to the shaft. These springs will hold the

_:: valve closed against a pressure differentlal of 0.5 to 4.0 psi. Antl-chatter

_!_. snubbers bear on each of the hinge ears. A potentiometer for monitoring the
__ valve position is attached to one end of the shaft and is enclosed in a

_ii cover which is sealed to the valve housing. The po_entlometer cavity is

_ connected to the downstream side of the valve by a small bleed-off line.
_:_.. Onde_ reverse flow conditions the PDEVwIII not leak from the outlet to the

inlet in excess of 2.0 x 104 standard cubic inches per minute when the outlet

pressure is 1450 psla and the inlet pressure is zero psla,

The PDKV assembly is redundant to the

PDKVA in the propellant feed system to block the back-flow of propellant

through an inoDeratlve turbopump assembly during engine operation in the slngle

_i! TPA mode. The PDKV assembly permits propellant flow through the propellant
• feed system during all normal engine operating periods. It partially opens

by pressure in the pump discharge line during engine chilldown and pre-start

phases. Pump discharge pressure during the engine start operation opens it

fully. When the PSOV closes at the end of the pump tailoff phase of engine

shutdown, it is closed by the action of the return spring.
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i X:'; b. PDKV Nodes of Failure

,//2=

!!!:k_ Several off the failure modes listed

.,,._:_:_': In Table 4-2 are not applicable to the PDKV. Since It has no actuator,

._,.:,'IJ: the modes related to Inadvertent Closure (03 and 04) and Inadvertent Open

_;_r', (05) do not pertain. Fails to Control (07) does not apply because the

valve l_as no control function.
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&.2.2.4 Turbine Block Valve (TBV)

a. Description and Function

The TBV's (Figure 4.2-4) are 7 inch I.D.

spring loaded poppet valves (Dwg. 1138915) located in the turbine inlet

lines. They are used to block flow through the turbines during chilldown
Z"

and cooldo_,m and to provide an immediate emergency shutdown capability

for a TPA during the powered operating phases.

The poppet is driven by an electric

motor through a compound differential planetary gear systen and ball

screw. The valve opening or closing time is 500 _ 50 ms. and it will

remain either open or closed without power to the actuator. (Note:

This actu.tor speed differs from thatindicated on the above drawing

: and the component specificatlcm. These documents have not yet been updated

to reflect a recent decision to delete a separate emergency closing feature
t

and increase the t_ormal actuator speed to perforn the emergency closing

safety function).

The maxlm.r_ nile.'able internal furward

leakap, e ts 5. _ x 10 5. standard cubic inches per _lnute of hydrogen with

|n]('t pres_,ttrt, ot ]O_b p_ta. .-.,i>;lr,,un allol.,ablo lnt,_rnal leakage, o.ttlet

to inlet I_ ?.6 x IllI _t,mJard cubic lnchen per minute of hydropen with

otttIet [}re._tll't, of .{{1l:,_[n nttd Inlet pre_:mre of 1 x 10-9 ran |lg.

The TBV's are taalntained clo.sed during

the Temperature Conditioning and C_mldown phases to block flow through

the turbines and during coast to prevent any loss of propellant through the

pump bearSngs if a PSOV does not seal. Both vatves are cpenefl and closed
i
, for checkout during prestart operations. They are opened at the end of

Temperature Conditioning to initiate bootstrap and at,, held open until

, the end of pt_np tailoff to permit operation of the TPA's. During these

phases, they provide the capability for emergency shutdown of a TPA leg and for

isolation of a portion of a malfunctioned leg under operation in the singl_

i-._. 1TA mode.

'Z
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i b. Modes of Failure

__, �_-'_" All of the failure modes of Table 4-2

_, are applicable to the TBVts except Fails _o Control (07). These valves

; have no control function.

'.2

}-

:t

,m
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4.2.2.5 Turbine Discharge Block Valve (TDBV)

: a. Description and Function

i The TDBV's are 7 inch I.D. poppet valves

(Dwg. 1138916, Figure 4,2-_ located in the turbine discharge llnes.

Their functions are to provide redundant blockage of flow through the

= turbines during the chilldown and cooldown phases, redundant emergency

TPA shutdown capability during powered operation and partial isolation

capabillty for an inoperative leg. In addition, they are a backup to the

PSOV against large losses of propellant from the tank during cooldown

and coast. Their functional requirements and operating characteristics
,:

are Identlclal to the TBVts.

b# Modes of Failure

Same as TBX_ (4.2.2.4)

i
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_ 4.2.2.6 Turbopump Assembly (TPA)

_ a, Description and Function

i21_ The function of the TPAts is to raise

the pressure of the propellant from the main tank to a level high enough

:_;_ to permit flow through the rest of the system at the rates required to

!:/i' maintain the programmed thrust level during the powered operating phases.

_:.f The full flow cycle selected requires that the pamp raise the pressure

_-- of the propellant, stored at 30 psla in the vehicle tanks to approximately

:-L, 1400 psla at the pump discharge during normal mode opeTatlon. At this

i?i _ operating condition, the full flow turbine is being driven with hydrogen

i:::; heated to approximately 290"R by the nozzle, reflector, and stems. During

:, normal mode operation, the turbine operates at a pressure ratio of approxi-

mately 1.5 #ith a control bypass flow of 8Z. Figure 4.2-I shows the functional

,; relation between the TPA_s and the other TPS components.

" During normal mode operation, both TPA's

• are operating, each supplying 50Z of the flow at the required system pressure

to provide an engine thrust of 75K. ,_lalfunctlon operation requires that

: either TPA provide the flow and pressure necessary to produce 80g of rated

. thrust. During malfunction operation, the turbine operates at a pressure

ratio of approxlmately 1.8 and a temperature of about 300°R.

The turbopump assembly (TPA) concept shown

_ in Figure "4.2-6 (Drawing 1118101) consists of a two-stage centrifugal

i!: pump driven by a two-stage pressure compounded turblne... The first stage
'i

pump impeller Is preceded by an inducer operating at m_,In shaft speed, Pump

_i: inlet diameter is 9.5 inches at the pump to inlet duct interface, reducing

! to 6.95 inches at the inducer inlet. Pump impellers are arranged back-L_-

- front with an internal continuous vaned crossover between the first and second-

_ stage impellers. The second-stage impeller discharges into a vaned diffuser

::. succeeded by a scroll with a single five inch diameter discharge duct. The

" turbine inlet manifold configuration is of the torus type with a 7 1/2 inch

i inlet duct diameter. Discharge is through a 90" vaned elbow with an exit

_:, diameter of 7 1/2 inches. Pressure rise of the pump at the nomlnal design

flow of 46 Ibs/sec is ar,proxlmately 1400 psi with a shaft speed of 24,200

4-32

"'" 4

00000003-TSC07



: ,,
d,

,i. Figure 4.2-_ (Sheet I)
:" (Pump End View)
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_" • , " Figure "4.2-6 (Sheet 3)
' (Turbine End View)
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'._ rpm. Corrospondin_, valuos for the single TPA mode are 74.0 lb/sec, 1310 psi,
._-_

and 26,500 rpm.

The TPA rotor system is supported by two

:-_ sets of preloaded 65mm duplex bali bearings. One set of bearlngs is loc_ted

!i:" between the first and second-stage impeller, with the other set being

;:_i_ located between the second-stage impeller and the overhung turbine. At

!--_i:. speeds above 8000 rpm,axlal thrust of the rotor system is compensated by

,_ a self-actlng balancer. The balancer bleeds flow from the discharge of the
L-,h

__:_ second stage impeller and returns it to the back shroud area of the first-

,_.• stage impeller. Below 8000 rpm, axtal thrust is absorbed by the turbine bearing
2,'.,4 "

!__3,i set.

i(_::f The TPA is supported by two trunlons located

i:-_ on the inlet housing and a sway brace attached to the _.urbine discharge flange .....

!-=:_,_: The TFA has an overall length of approximately

!:_i 38 inches and a maximum diameter of 27 inches.

_-:_" The prel_aninary computed weight of the TPA is

'_-_. 770 pounds, as shown on Drawing 1118101. This assumes that the rotor is

i::_"_ fabricated from titanium, and the pump and turbine housings are of 310 SS.

::_:- b. Failure Hodes

,, .. T_e six system level TPA failure.4nodes used

in the analysls are as follows:

::: 01 Fails to Start

:._. Definition: Failure of the lW_.,_to begin

_:'/,; rotation following proper chilldown when the turbine inlet le supplied with

:"_ hydrogen at normal temperature and pressure by opening _he _BV and TDBV at

_r'-_..; the start of the bootstrap phase,

?_;Ii

.'. This faliure mode is applicable only to

..-,..:! '_ the bootstrap phase because a TPA can not be brought on line against _n
:!': already operating, unit. Attemps to do so would result in stall and overspeed

'i

:' of the unit being brought on line even if the pump were properly chilled.

'k
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i'_i

l;:: This probably limits the acceptat_lc start_.ng region of a TPA to the

-_:. early .part of the bootstrap phase, but the permissible lag between the

_)i. starting times o£ the two TPA's has not yet been determined,

:_ 02 Premature Stop

,.j ,

_!N Definition: Rotation of TPA ceases

--ii_' and remains stopped during operation when the turbine inlet is being

_,,_:i:/:' supplied with hydrogen at the temperature and pressure appropriate to the
i;i_'¢

-¢.._ engine operating status during the powered phasfis.

_i_i:! 03 LowPerformance

,_.a._ Definition: Performance outside the

tolerance limits on the turbine or pump characteristic curves of sufficient

!:,_ magnitude as to cause or require retreat from normal engine operation.

[-:::_?) (Note: Analysls of the complete engine system is required to assess the

_:_,,' limits of this failure mode in each powered operating phase).

_ 04 Total loss of Containment

! :.J,!

_--'_' Definition: Loss of the physical

;_'_ integrity of the pump or turbine housing (or both) wlth accompanying gross

_" loss of propellant and complete inability to transmit flow between the

•_ contiguous llne segments.

.:£
;:,_ 05 Excessive Vibration

?_I!:

;_Ii Defln_.tlon" Vibration of a TPA during

'i" powered operation of sufficient amplitude or frequency as to present an
"_i imminent danger to tl,., physical integrity of either itself or the adjacent

.,_.:o components and requiring a retreat from normal engine operation.

:t

_. 06 Extecnal Leakage

i _j,, Definition: Loss of propellant through
:_'" openings in the ptu_p or turbine housing or past sealing surfaces at a rate

? ,"

".:'i that precludes normal operation or that results in sufficient loss of

'"_ propellant to preclude completion of the mls.ion.

. 4-85
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4.2.2.7 Turbopu_p Lines

a. Description and Function

The turbopump subsystem propellant

lines comprise the primary flow streams of the engine. They provide a

path for propellant to flow from the propellant tank through the pumps

to the nozzle assembly and to the structural support coolant assembly

and from the pressure vessel dcme through the turbines to the reactor

cote. They must contain and transport propellant at pressures ranging

from 30 to 1400 psia and at temperatures from 40"R to ambient. They

include all tubes, elbow segments, fittings,junctions, bellows, weld

Joints, mechanical Joints, and sea!_ in the flow paths. For purposes

of description and analysis they are divided into the following segmentsl

(Note: In the present configuration both the PDKVA's and the TBV's are

coupled directly to the TPA's _o there is no separate line segment between

these components).

1. Pump Inlet Line

The sections of 9.7" diameter pipe

between tile FSOV's and tile inlet of each pump. Each contains a bellows

assembly to accon_odate the movement required for engine gimballing.

7

2. Pump Discharge Line - Comon

The sections of $" diameter llne between

the PDKV's and the PDVB's and between the PDCV's and the nozzle torus. The

! support system bypass line (SSBL) is also taken as part of this line se_,ment.
I

3, Turbine Inlet Line - Collilon

The sections of 7 I/2" diameter lines

between the pressure vessel done and the TBV's.

4-92
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!._ 4. Turbine Discharge Line - Separate

:_

-_ The sections of 7 1/2" diameter line

g_ between each TPA and its TDBV.

i

_.. 5. Turbine D_scharge Line - Common

_-: The sections of 7 1/2" diameter llue

': between the TDBV's and the pressure vessel dome....

:_ b. Modes of Failure

:,I O_ Loss of propellant through openings in

2_ the llne or @ast sealing surfaces at a rat e that precludes normal operation

:,.ii or that results in sufficient loss of propellant to preclude completion of
= .'! the mission. Leaks large enough to preclude emergency mode operation a_e--.z"!

;,';

i'_ included under Total Loss of Containment, below.

_ 02 Total Loss of Containment

i:>t,

:-_' Loss of the physical integrity of the

;-T llne with accompanying gross loss of propellant and complete inability to

_:: transmlt flow between the end points,

t,

/,

.I

i

t

i" 4-93

@ •







i._._.j O o ' ,

_ im ii | n I milliB I I i iii i i

°_

c"c_ i _lc: _

Q Q I,d ¢_e..I

,i.t e..4

_ ,t,a "r..,I • •
U _,._ _ "

.. _ ,,,g ..

o_.°
._- . O, k_ 4.J ,_ _¢0 "

• _ _ I_ 0_"
: 0,"_ _,,__'_ 0

.. _____._ _4 _ C_ _1
•._, _ _ _ _

c_O _ :_

•M £t.

._ _ _=_
-!. W

_. ,,

i: =

!i _ _' •
,, a 0

?,,, , ,, , , , =,

_ 4-96 .

" _........................................................... .............. 00000003-']'SD09







j...,.-.. . .........

•:.:, , tl •

m k k I,.*

._%.'::, I'1 ._J (J •

"_ O

, _,_ S='O __

'1"4"_ I,_ 0 v

_, 4.1 v;

°a" I o • ,--,- _. ::

.........i,. i ,_ - = _o_ _ .

ii

,d' I_ I

'2, , _

.o,,:.. $ _

' f

i.-2 ': ......

00000003-TSD12



0 I " '

" _1_._

I
:' l,J i "

i_=:" I

._ .__,

p

__°

! '_-"_-TI" .....
'-'_ ._ _ _ II-_

_, ___ tl .......
EL _:)

:

=__, _ iI
e _ g:

I

•' 4-100

_U

00000003-TSD13















_i___

j- ;,

I
= r

i !,

..=q., ;,,'

! ,

i.,!_ _.

._.i_,

,__,; SECTION 4.3
_i_,, PUMP DISCHARGE CONTROL SUBSYSTEM

_' _,_

. _-,;.

1

•,__..

_"................... .,. ,. _' ':'"........... ... L, ,, '" :. ' "11 " _/" " '._ t;>"''_ ...."' _ _,_..:,,,,,.,_:=_,_..,,.,__.'_

00000003-TSE06



)

o

[.@

4.3P O,SC, ROECO ROL.,U S*STEM
--'_'". 4.3.1 Description

.__ 4.3.I.I Functlon/Requlrements

_,:/ The pump discharge control subsystem accepts

.", the main propellant stream from the upstream section of the common pump

_!!, discharge llne after takeoff of the stem coolant flow and delivers it to the
,. downstream section of the PDL. The primary function of the subsystem is to

=_,'.i_. modulate the flow from the pumps to provide control of the TPA's during the
-_._:r°

-"_:"-" low power phases of "startupand shutdown. It also gives the capability of

_:_:.-:, increasing the Impedance of the PDL downstream of the point of takeoff of the

_'::"" SSCA, permitting greater hydrogen inventory (higher flow and higher pressure)

_i:i:. in the stems and increasing their effective reactivity worth in the

;...:'_i_ low and intermediate power phases. Thls"capability was once planned to be

:,' utilized to permit operation of the engine on the high impulse operating
.-_-,

..I:!.):i!il_ line and at the normal throttle point" (270 psfa-4250@R) over the complete life

-_,_:..:: of the reactor. However, a subsequent decision to increase the control drum,

'_'." reactivity insertion to maintain a uniform temperature profile at the'throttle

=.,_., point has negated this benefit.

:_,::. 4.3.I.2 Cortfiguration
_::._ ....

_/_.
.'/. The subsystem consists of two pump discharge

2}.i.,/._ control valves (PDCV) and two pump discharge block valves (PDBV), (Figure 4.2-1).:_ ,?. They are arranged in two parallel legs wlth a PDBV and a PDCV in series in each

-_,..... leg, The valve pairs are close coupled with no llne segment between them so

_!. the subsystem contains no propellant lines. The lines connecting the subsystem

:._.:_'::,. to the pump discharge line are considered part of the turbopump subsystem..

" ' 4.3•i.3 0peration

_ ',.,' During temperature conditioning, all four valves

_../:._ are maintained open to minimize impedance to the chilldo_ flow. At the time of

!._":' startup of the TPA's a_ the beginning of bootstrap, the PDCV's are ramped yearly

.... closed and placed in closed loop control of the TPA _peed. The TPA speed demand

" _-( will be r_ped from 0 to about 7000 rpm and then held at that level to condition
c' the TPA balance piston and bearings to liquid hydrogen conditions prior to

::_ operation at hl_her ._peods.

°_" 4-I07
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When both pumps have been adequately, chilled, the

control feedback is switched from the TPA speed to the chamber pressure,

•_L and the demand ramp up to the high impulse operating llne is started. At

some point in the programmed ramp which is as yet not firmly established, a
-i
' second control mode change is made. The chamber pressure control element' is

switched £rom the PDCV's to the turbine bypass control valves, and theJ

PDCV's are placed in position control. As the thrust h,tildup phase continues,

the PDCV's are programmed to be fully open on approach of the rated operating

point.

In shutdown, an inverse procedure is used. During

the traverse from rated operation, to the throttle point, the PDCV's are

programmed from 'full open to an appropriate intermediate position and maintained

at thatposition during the throttle hold phase. At the end of throttle hold,

or at some point in the temperature retreat, the pressure control is switched

back to the PDCV's for the remainder of temperature retreat. At the end of

' temperature retreat, another control mode change is n_de for the pump tailoff

_:, phase. The chamber temperature is placed in closed loop control with the PDCV's,

and the pump tailoff phase is conducted along a temperature demand profile

f_ until the reactor has cooled sufficiently that continued cooling can be

'. performed without the aid of the TPA's. At the end of pump tailoff, the PDCV's

: are returned to the open position for the cooldown and coast periods.

The PDBV*s provide the capability of closing off flow

• through a PDC leg in the event of a malfunction of one @f the PDCV's. They are

normally maintained open during all phases except for a checkout in preparation

to start the engine.

Each of the legs has the capacity to handle the entire

#7 flow requirements for the system.

4-108
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": " 4.3.2 Failure Analysis

i::° 4.3.2.1 Pump Discharge Control Valve

"2.',-

::,.: a, Description and Function
[ 5/"

._]";.. The PDCVts are analog control valves

used to modulate the flow through the common pump discharge line to

_i: provide control of the TPAts during the low power phases of engine

_ startup and shutdown, They are also used to increase the Impedance

, of the pump discharge llne downstream of the SSCA take-off and increase

_ the inventory of hydrogen in the core stems and hence the reactivity worth
i-lg_
g_) of the stems during operation in the vicinity of the throttle point.

,_-, The PDCV (Figure 4_-I) is a venturl-

-_::_ visor type valve (Vrwg. 1139076) with a 2.8" venturl diameter and a

_:: visor with a 3.8" spherical radius sealing surface and a 2.8" diameter

--2._"' clrcular port. The _eull valve stroke is 100.?.,_andthe nominal full

-_..-," opening or closing time is 1.0 seconds. In the open position, the full

=V.. 2.8" venturi is uncovered, giving a very low impedance to the flow.

_,..;, The maximum allowable .internal .leakage in the fully closed position q

_:_- is 2 x 106 SCIM (inlet to outlet) at a pressure differential of 69.7

_?_i'_ psi and inlet conditions of 83 psla and 50°R.
V ':,

i :_/_, The valve is driven by a _otary shaft

½_ powered by an ac Induction motor through a planetary gear train with a

i_ speed reduction of approximately 450:1. Loss of electrical power to the

L i_ actuator causes the valve to fall in place.

'_ b.. Failure Modes

i: '.'-.,_' All of the failure modes llsted in Para.

_" 4.1.3.1 are applicable to the PDCV except Fails at Intermediate Position

i_ (06). Intermediate failure of a control valve Is included under Fails
/,

._.... to Control (07).

!-
i ,L'

i-' t
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4.3.2.2 Pump Dlseh_rge Block Valve (PDBV)

a. Description and Function

The primary purpose of the vDBV's is

to provide the capability of blocking flow through a malfunctioned PDCV.

In conjunction with the PDCV, It also permlts Isolation of an external

;.. leak between the two valve seats.

-i The PDBV is a ball v_lve (Figure 4.3-2)

, vlth a 6.5" outside bail diameter and a 3 5/8" diameter circular port

,_ (IP_. 11_39187). The valve stro'.e Is 90", and the nominal full opening or

_ closing time is 1.0 seconds. In the open position, tbc full 3 5/8" dlometer

--{ port is open to provide mlnl_u_ impedance to the propellant flow. The

i maxlmum allovable Internal leak,_ge In the fully closed position is 2 x 106

iii $CI:I, inlet to o,.tlct, at a pressure differential of 59.7 psi and inlet
p

conditions of 83 psia and 50°R.

:: The valve is driven by a rota;y _h_ft powered I

by an induction r_otor through a planetary gear train with a speed reduction i

of 120:1. Loss o," electrlcal p_er t6 _he actuat,r ,:auses the valve to
i

fail in place, i

b. Fs1.1ure ._todes

...._'. The PDBV's do not exercise any control

} function, i,_nce the failure mode Fails Lo Control (07) Is not applicable.

All of the remaining mode_ listed in Paragraph 4.1.3.1 are applicable

, to the PDBV.

', _

_5
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:-;_, 4.4 TURBINE BYPASS CONTROL SUBSYSTEM

• 4.4.1 Description
. L._,,6'k',.

'"_?_ 4.4,i.1 Function/Requirements

The bypass control subsystem provides an

::__. open flow path around the turbines for engine chilldown and cooldown, and is

" the prJmary pressure control element during powered,operation at and above the

throttle point.

4.4.1.2 Configuration

_ _. The bypass subsystem shown on the engine

schematic, Figure 4.2-1, consists of _wo parallel legs, each containing a bypass

control valve (BCV) in series,with a bypass block valve (BBV) and the connecting

llnes,.(TBL),fittings_ Junctions and welds in the flow path between the TIL and

TDL. The bypass subsystem also includes those parts of the instrumentation and J

controls that interact with the four valves.

_)_ Either BCV-BBV leg is _apable of bypassing

, _ ,,,' the required flow for operation with one or both TPAts. During normal operation,

_,_.: the BgVvs are always open and the BCV*s are operated In active redundancy.
F... "._.;

_ .,.:o.jj,
,......... 4.4.1.3 Operatlo_

!,_, ,; During launch and coast, the BCVVs and BgV°s
! °°" are In the full open position with no functional requirement because there is

• ,.:- no hydrogen flow. During Phase C, .Ii four valves are cycled closed and then

•"..' re-opened to determine their readiness for engine start.

? .,";

i The subsystem is required to remain open

._,: during temperature conditioning and bootstrap, Flow Is allowed to pass through

.,_.._ the engine and exit the nozzle without going through the turbines to permit

i "' 4-131
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_,.''" proper chilldown of the pumps prior to boctstrap. At least one bypass leg

i/': must be full open (or equivalent through both legs) for successful executlon

_: of these phases.

', ;,.

...... During thrust buildup to the throttle point,

:'}!i:b the BCVts are programmed from full open to an lntermedia_e position approximately
f, ....

_,:); the same as they will asstnnewhen the pressure control mode change is made from,t,:,r

the PDCVts to the BCV's. After this switch, the remainder of the thrust buildup,

the steady state operation, and the throttling and throttle hold portions of

shutdown are conducted with the chamber pressure under the influence of the bypass

control valves. They are the end control elements in a closed control loop with

feedback that functions to reduce the difference between the demanded and measured

chamber pressure to zero. With a nominal engine operatlng on _wo TPAts at full

rated thrust, approximately 8% of the total flow goes through the turbine Bypass

control subsystem.

After completlon of the throttle holdj the

,:_:,_ BCV's are again placed in position control for the temperature retreat and pump

i ,_,_!::_,_. tailoff phases. The specific position program has not yet been established, but

:.: they will be wide open at the end of pump tailoff...The subsystem is required to

_,_!_"_ remain open durlng the cooldown phases to provide a flow path around the turbines.

£s-: The bypass control concept presents some

::i:;,_ problems from the standpoint of closed loop control of the chamber pressure•

i _:- The BCV's can Influence the system only through changes to the impedance seen

'" by a small stream of propellant flowing in parallel wl_h the turbine .drive gas.

This ludireat influence causes the initial response of the BCV_s to component
i ....)'J,.

_ malfunctions to be generally 180" out of phase with the final equilibrium

'_" requirements, exaggerating the transient upset and making the system tend to

'i overshoot and hun_ for the new operating conditions. For example, a deviation
.J

'_ !_i._i Of chamber pressure below the demand requires the BCV's to close, dive_ting moredrive gas to the turbines. As the valves close, the total impedance is increased,

causing a further reduction in the core flow and chamber pressure. This causes

! the BCV_s to be closed even further,_i_ continuing the process until the pump

,_ _ output is increased sufficiently to override the additional impedance and start

"!' the chamber pressure back up toward the demand
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_:-_:. The control logic will have to anticipate

._._, these phenomena to minimize system transients• Many malfunctions may require

-7!.. temporarily opening the BCV control loop and moving the valves to predetermined

:!_/ pOsitions to preclude violating system operating constraints. Thls is a serious
_: eomp.llcationto the control system and the malfunction detection avd correction

_ system that could be avoided by a more direct scheme of turbine control

4.4.•2 Fa._.lureAnalysis

4,4,2.1 Bypass Control Valve (BCV)

_, a. Description and Function

i_ The BCVVs modulate the flow through the

bypass control subsystem in accordance w_t_ the engine operating requirements

'[ for sta_tup, steady state, and shutdown• During cn'.lldownjbootstrap and
v

cooldown, they are full open to minimize the subsystem impedance.

i The BCV (Figure 4•4-1) is a nominal

4-1nch vlsor-venturl type valve (Dwg. 1139049) with a 2•5".ID venturl. The

":'' circular vlsor "port Is also 2.5" in dlam_ter so that the flow channel is un-

obstructed when the valve is in the full open position• The full valve stroke,

i;_:_i[ including _he shutoff seal is 123_, and the nominal opening or closing _ime _s

_- I•0 second• The maximum allowable internal flow.in the fully closed position

_:_" is 3.4 x 10 6 SCI_ (11.0 lb/min) at normal engine operation (inle_ temperature

,::_ 279_R, _Kr_._iQlg_4_sla , pressure differential 353 psi)

-_- The valve is coupled to the drive sh_ft
- [ .,'

_-" with a spline, and driven by a variable speed electric motor through h planetary

_I_:7 gear train. In the event of loss of electrical power to the actuator, the valve
-_,. will remain in place. It has no mechanical or electrical emergency close system.

" b. Failure Modes

:,

° _ All of the failure modes listed in

_ , Table 4-2 are applicable to the BCV except Fails at Intermediate Position (06).

_',_"i Intermediate failure of a control valve is inc.l.udedunder Fails to Control (07).
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4.4.2.2 Bypass Block Valve

a. Descrlpt/on and Function

The bypass block valve provldos the

capabilltyof blocking flow through a turbine bypass control subsystem

leg in the event of a malfunction of a BCV. In conjunction with the BCV,

it also permits isolation of an external leak between the two valve

seats. During normal operation, both BBV's are maintained open during all

phases except for a checkout during prestart operations.

The BBV is a nominal 4 inch bali

valve with a 3.625" diameter circular port, (Figure 4.4-2). I" 1

full open position, the port matches the inside diamete: , _he it.let llne

to provide minimum flow resistance. The maximum allowable internal leakage _

in the fully closed position is 3.4 x 106 SCIM at normal rated engine 1

operation. The full valve stroke including seal shutoff is 90°. The normal

fvalve opening or closing time is 0.3 �0.05see.

i
The valve is driven by a rotary shaft

powered by an induction motor through a planetary gear train with a speed

reduction of approximately 118:1. In either the open or closed position,

the valve is held in place by a brake on the actuator shaft with no power

to the actuator. "_

b. BBV Failure Modes

All of the failure modes listed in Table 4-2

are applicable to the BBV except Fails to Control (07). The valve has no

control function.
4
1
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_'__:. 4.4.2.3 Bypa3s Control Lines
? ,':

'-,_ a. Description and Function

_.'.' The bypass control lines provide

?. a flow path for propellant from the TIL to the BCV's (inlet) and from
i:_i ' the BBV's to the TDL (outlet), Both segments are 4" pipe, and both are

_._;_:'_ branched to provide two parallel paths in the subsystem. Each palr of

i_ valves (BCV-BBV) is close coupled so there is no separate llne segment

_ii:/;_ between them.

[k:

_-",; b. Modes of Failure
L !,-

---,"," Same as Turbopump Lines (Paragraph_-_

4.2.2.7).

[ '..,,

E

o .:,

i ,L'

E

6

.o",
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4.5 COOLDOWNSYBSYSTF_ -i

,!
4.5.1 Subsystem Descrlpt_on

4.5.1.1 Function/Requirements

The primary function of the cooldown sub-

_, system is to provide a flow path and a means to control LH2 coolant flow

! to the structural support system (stems) and to the reflector following

powered use of the reactor. The coolant is required to remove decay

energy and thus maintain reactor temperatures within acceptable limits.

Since the subsystem includes a flow path between the Modular Propellant

Tank (b_T) and the reactor, the subsystem must also prevent excape of

hydrogen from the _T during engine uon-operatlonal periods (launch and

coast) and _ust prevent high pressure stem flow escape either externally

into space or internally into the _T during engine powered operatlonal

phases.

4.5.1.2 Configuration

The configuration of the cooldown subsystem

is shown in Figure A.2-1. It contains two parallel control valw_s

(CSCV) each in series wlth a block valve (CSOV). The valves are located

in a 3-1nch llne (CSL) starting from the _Y and continuing to a Junction

wlth the 4" structural support coolant line (SSCL). In addition, the

cooldown subsystem includes those parts of the purge unit and the Instrumenta-

tion and Control Subsystem that interact with the cooldown subsystem and

its functions.

The structural support coolant assembly (SSCA)

i and the turbine bypass subsystem functlovally interact wlth the cooldown

subsystem for the distribution and eventual exhaust of the coolant flow.

The analyses of these subsystems during cooldown will be coveted in respec-

tive sections on those subsystems. For the sake of completeness and

clarity, their functlons wilt be described in conjunction with the operation

of the cooldown subsystem below.

_-158

" 000000041TSC04
!_ J , ,, .2



: ,: -.

4.5.1.3. Operation

i: The operation of the cooldovn subsystem

valves is illustrated in Figure 4.1-2. Both CSOV's and CSCV_s are main-

_ tained closed for engine phases launch through temperature retreat to

prevent flow from the tank during coast, and from the SSCL back into the

tank during engine operation. At some point, as yet to be defined, in

• the pump tailoff phase, the cooldown subsystem.ls partlally opened to

permit circulation of some flea from the SSCA discharge back into the

propellant tank. This chills the cooldown llne and fills it with llquid

hydrogen so there will be no interruption of the supply of liquid coolant

to the reactor when the pumps are shut off.

The two legs of the cooldowu subsystem are

operated in standby redundancy. For purposes nf this analysls, the

operating llne is defined as CSOVI and CSCV1. The standby llne is main-

tained closed except that the CSOV2 is opened to facilitate rapid switch-
over in the event of a malfunction in the active leg.

,T

:" Simultaneous with the closure of the turbine

block valves at the end of pump tatloff, the active CSCV is fully opened,

' the PDCV's are opened, the SSCV*s are opened, and coolant is supplied

_ continuously to both the stems and reflector. The reflector stream enters

_: the nozzle torus via the SSCA and the pump discharge control subsystem.!,

; Flow is continued through both paths until the chamber temperature decreases

" to a lower cooldovn limit (tentatively 1475 ° R).

i
-_: At some convenient time. in the above period, :u,

': the PSOV*s are closed and the PDKVAactuators are driven to the closed 1

position to block flow through the pumps to the reflector during the sub- !i
_il sequent "reflector flow off" portions of early cooldo_n and the "ofg" :

, portions of tl_epulse cooldo_n phase, These actions complete placement

2: of all of the Turbopump Subsystem valves in their normal coast [,erlod
%,.

_: _ status.
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. t

!: When the lower cooldown limit is reached_
• ::

_;: the SSBVts are closed, blocking flow to the reflector. Continuous flowF.:

_' is still beingmalntalned through the stems, but the flow rate Is in-!_

_::. sufficient to prevent the reactor and chamber temperatures from rising.

i.... When the chamber temperature reaches the upper cooldown limit (1575 ° R),

_:: one SSBV is opened to again provide additional coolant.

i. 4-" 'l_,..zeactor temperature constraints must

F,_: be accommodated during the "reflector off" periods• These are the

maximum stem liner temperature and the_maxlmum reflector material

temperature. Initially, the stem liner limit is reached first even

though there is continuous flow through the stems. The chamber upper

cooldown limit is chosen to maintain the stem liner teraperaturewithin

its limit.

":i The reflector flow cycling is repeated by

_ii means of one SSBV until, during one of the off periods, the reflector

•i.! temperature limit is reached before the stem liner limit. At that time, 1

;..ii the SSBV is opened and left open. This time, when the lower cooldo_

.: limit is reached, the CSCV is closed, interrupting all flow through the

:i engine. This terminates early coold_ and initiates the pulse coold_

"_ phase

., The chamber temperature limits are then

..._ changed to 1290° R to 1390° R for pulse cooldown, and coolant is supplied

to both the reflector and stems by cycling CSCVI as required to maintain

_: the new limits. During each pulse, the flow rate is maintained at approxl-
F

_,.. mately 0.7 Iblsec by appropriate positioning of CSCVI, The precise

mechanism by which the flow rate is measured and controlled has not yet

,": been establisheJ. The pulse cooldown phase is terminated when reactor

coolant is no longer required, Both the CSOV's and the CSCV are closeJ

at the end of the final fl_ pulse.

'I 4-160
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_:- To accomplish the above cooldown sequence,i.,_.

= :;,. the CSOV's must open only once during pump tailoff, remain open, and

:i_. then close at the completion of cooldown. On the other hand, the CSCV1

must partially oven during pump talloff and then cycle between the fully_ .fc; ,.

_: closed and a full open or an intermediate position many times as well as
: 'j"

-=_ control coolant flow while open. The duration of the cooldown period

:_._:- depends on the duration of the thrust period. For a I0 minutes of rate

:_ thrust operation, pulse cooldown continues for about53 hours During

_)i_ thls time, CSCVI cycles 73 times and controls coolant flow for an ac-
_.::::_ cumulated duration of 70 minutes.

:_ 4.5.2 Failure Analysis

_:_:._ 4.5.2.1 Cooldown Shutoff Valve (CSOV)

'_2_" a. Descr; ?tion and Function

;': The CSOV (Figure 4.5-1 Is a spring loaded

,' poppet valve (Dwg. 1138008) in whlch the propellant flow makes a 90" turn.

.. The poppet is driven by a cam powered by an electric motor through a com-

..:: pound planetary gear train. The bias spring exerts a closing force on the

ili poppet, and a reverse pressure dlfferentlal also tends to drive the valve

o closed.

':o: The valve is required to fully open or close

in 0.5 + 0.05 seconds and is capable of remaining in either position wlth no

power to the actuator. In case of an electrical power failure, the valve

will fail in place.

c

_ The maximum Internal leakage, inlet to outlet,
o

_:_;. vlth the valve in the closed position Is 50 SClN with an inlet pressure of
" 30 psta. The maximum reverse leakage (outlet to inlet) is 8600 SCI_I with

_:-.,, outlet and inlet pressures of 1179 and 22 psia, respectively.

i The CSOV's are the primary block against loss
b-/r ..

•_.i,,: of hydrogen from the main propellant tank during launch, coast, and tempera-

°j!2..,,, ture conditioning (Phases A-D). From bootstrap through a portion of pump

, !

,!
U .:
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::i', tailoff they are redundant with the CSCV's in blocklng excessive reverse

-:!% flow from the SSCL back into the tank. During pump tailoff they are

_.:, .opened to permit chilling of the cooldo_m subsystem and subsequent

_?_, performance of the cooldown function. The valves are closed at the end

-_i_i:i-- of the final cooldown pulse.

::!i: b, CSOV Modes of Failure

,:,;_i_
-_::i- All of the modes of failure listed in

-_" Table 4-2 are applicable to the CSOV except Fails to Control (07) The

.,-'" valve has no control function.
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/:: 4.5.2•2 Cooldown Supply Control Valv_ (CSCV)

L
,,: a.. Description and Function

-_:'" Thc CS_V's (Figure 4.5-2) are physlcally

'_::: identical to the CSOVts The external electronic control circuitry is
:gh•

2_12 modified to be compatible with the requirement to move the valve to'.L2 .-

_ :
_/." intermediate positions to llmlt the coolant flow to the reactor during
-'k ,_!

_ pulse cooldc_n.

F,_j :'

_::: The valve velocity is 33-t00 7. of _'ull

-,:{"_ travel per second. Nhen electrical power is removed from the actuator,
_g '.

._:._.._. the valve will remain in position.

-_' The maximum internal leakage in the forward_--

-:,:,_' direction (inlet to outlet) is 180 SCIH with a pressure differential of

_°: 30 psi This limit is greater than that of the CSOV (50 SCIH) in view ef

...... the much greater cycle duty o_ the.valve. In the reverse direction, the

_... internal leakage limit is 8600 SCIM with a pressure differential of

_., 1158 psi.

N:"!':: Because of the higher forward leak limit, the

_ ,.,- CSCV is not fully redundant with the CSOV in preventing propellant loss from

! _' the tank du_tng the coast period It will, however, prevent, gross pro-

i".;- pellant losses in the event a CSOV does not seal properly.
i ©:,,

..::: The primary function of the CSCV I is to

._!i". modulate the flow of coolant to the nuclear subsystem during the pulse

i'_.::_,' cooldo_n phase. It must also limit the reverse flow from the SSCA dischargeback to the tank during the chilling of the cooldown subsystem• After

-:.i:,,i" completion of the reactor cooldown, it must be able to vent the propellant
trapped between the CSOV and CSCV to prevent rupture of the lines.

i ° '_: Both CSCV*s are maintained closed for all

i ...-' phases from launch through temperature retreat except for a single cycl_

_ .,. checkout during prestart operations• They serve as a pa_tlal backup

_£_, against excessive propellant loss during coast and are redundant with the

L-.,"_; CSOV's in blocklng reverse flow back into the tank during engine operation.
i:4::

;.,:..:- .;

g ) u '..
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::_i_ Near the end of the pump tailoff phased CSCV1 is partially opened to

, -permit a small reverse flow into the tank in order to chill the cool-

_;_L down llne and fill it with liquid hydrogen before the pumps are shut
:f

_,2 off. At the beginning of earl7 cooldown this valve is opened and held

_" open for the entire phase..

-i:i:_ During pulse cooldown, CSCV1 is cycled
L:- between closed and an intermediate position dependent on the flow rate

:: that is desired through the reactor _or each pulse. The valve will

_: re_ain in a fixed position for the duration of the pulse. Since the

_: temperature of the nuclear subsystem components will change during the

_i_,_ pulse, .the. flow rate through the system will not remain constant during

:' the pulse, It will be smallest at the beginning of a pulse and increase

:_.. gradually until the lower eooldown chamber temperature limit is reached
t, .

_.: and the CSCV1 is closed to terminate tile pulse. As the reactor decay

, _ power level decreases, the position of the valve will be progressively

_°4t:' less open for successive pulses. The mechanism for determining the posl-

':, tlon for each pulse has not yet been established. At the end of the final
,?

o:. pulse, the valve is returned to the closed position,

: CSCV2 is maintained clo_cd in standby re-

_.- dundancy. It will only be used in the event of a malfunction in the

normally active leg.

Y

': : b. Modes of Failure

.'.,,'-

" All of the failure modes listed in Paragraph
q.'

4.1.3.1 are applicable to the CSCV's except Fails at Intermediate Position

'_" (06). Intermediate failure of a control valve is included under Fails to

_, Control (07). In addition, there is a mode called Fails to Ven_ (11),

,o:" which is Inability of the valve to permit escape of propellant trapped

between the CSOV and CSCV when the valves are closed.

I
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_. 4.5.2.3 Cooldown Lines

:__.. a. Descrlpt.ton and Function

_.} The cooldown lines are the segments o£

!':'-+ 3" diameter pipe between the _T and the CSOV's (Inlet) and between
• + -+,

! "" the CSCVts and the ]unction of the discharge line from the SSCA (Outlet)
r,,

..... Their function Is to contain the propellant against tank presEure {Inlet

_._, section) and against SSCA discharge pressure (Outlet section) and to provide

_"" a flow path fog coolant during the early cooldown and pulse cooldown phases.

!-_L The CSOVs and CSCVs are close coupled so there is no separate ilne segment
_-__
i-., between them.

i'+

:_: b. Modes of Failure

i._,- Same as Turbopump Lines
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4.5 NOZZLE ASSEMBLY, PRESSURE VESSEL AND CLOSURE SUBSYSTEM

:_ 4.6.1 Description

4.6.1.1 Functlon/Requlrements

This subsystem houses and supports the

nuclear reactor assembly and provides for generation of the engine thrus_

through acceleration and expululon .of the propellant heated by the reactor.

The nozzle accepts propellant from the pump discharge llne and delivers it

': to the reflector plenum of the reactor assembly. Thu pressure vessel

contains the propellant flowln8 around the reactor assembly and provides

access for the psssage of the various propellant streams into and out of

i( the nuclear subsystem, It also mechanically supports the control drum 1_
_" actuators, provides access between the actuators and the control drums, i

and supports the associated propellant llnes, wiring harness, and Instru-

?.;. mentation. The nozzle assembly accepts heated propellant from the reactor,

" accelerates, expands, and expels it through the nozzle extension to
:'J .

::_ produce thrust. Finally, the subsystem transmits the generated thrust and

_ _ relevant inertial loads to the lower thrust structure.

! The thrust vector generated must be concentrlc

'- with and parallel to the engine centerline within the limits defined in

: Specification No. EC-90196A.
Z

4.6. I.2 Configuration

_ The Nozzle Assembly, Pressure Vessel and

Closure Subsystem consists of the Nozzle and Nozzle Extension, and the

_: Pressure Vessel and Closure Assemblys (Figure 4.2-1).The subsystem mates

wlth and is attached to the lower thrust structure at the forward closure.

Seals to prevent external leakage through

_ :_ the cyllnder-to-closure and cyllnder-Co-nozzle Joints, through the Joint

: • between the nozzle and reactor, and through the Joint between the

_"
i
,i

!.

'iI
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nozzle and nozzle extension are considered part of the Nozzle Assembly, Pressure

Vessel and CJosure Subsystem. All other external seals, where the various parts

attach to this subsystem, are considered to be a part of the individual

:i components.

4.6.1.3 Operation

The subsystem contains no actuated or '_ovlng"

" components, and so performs all of its functions in all of the engine

phases in nominally the same _echanlcal configuration.

4.6.2 Failure Analysis

i: 4.6.2.1 Nozzle

. a.... Description and Function

_: The NERVA nozzle (Figure 4.6-1 is a convectlvely

:_ cooled single pass design with an expansion ratio of 24:1. It is attached

!-_ to the pressure vessel (PV) with Internally cooled bolts. Specification

i_ DS 901.96 defines the requirements for the nozzle. It is cooled by propellant
_ •

i_ entering from the pum_ discharge llne through a terns and thence through

!_ 216 ovals thln-walled, steel channels attached to the structural shell

i_ and then discharging into the aft end of the reflector plenum of the

nuclear reactor assembly. The energy received by this stream in its pass

''_" through the nozzle is a major portion of the total energy supplied to drive

_, the turbines. About 4Z of the flow is diverted through i_ternal passages

!-' in the nozzle /PV flange to cool the flange and attachment bolts and then

' returned to the reflector plenum,

=-V

::, A portion of the nozzle extends into the pressure

:_ vessel to support the reactor assembly. A sealing surface on the forward faceL

i_- of the nozzle mateswlth a seal on the reactor to prevent flow from the

_ reflector plenum into the chamber.

i', The heated propellant from the reactor core

, enters the forward end of the nozzle, passes through the convergent and

" divergent sections, and is discharged into the forward end of the nozzle

'" extension.

i, 4-213
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.!

-' Mountings are provided in the convergez, t

_.. section of the nozzle for diagnostic and engine control instrumentation,

and a bolted Joint at the a% end (¢ = 24:1) is used _r attachment

_ and allgnment of the nozzle extension.

The nozzle is attached to the chamber with 108

•: hollow steel bolts. Propellant for coolIn_ these bolts is taken from 108 _;

"' nozzle coolant tubes through small radial channels to the outside of each

_ bolt, through the bolt wall, _nd out through the bolt center, discharging

into thereElector plenum. Additlonal propellant is taken from the alternate

_ii 108 nozzle tubes and passed radially through the nozzle flange to a manifold

and back to the outside of the bolts for coolln 8 the flange. The maln

.:: flange seal is outside the attachment bolt circle so each of the bolt holes

: must also be sealed to prevent external leakage at this Joint.

Du_Ing normal engine operation at rated
!

_. conditions, the nozzle conducts 81.7 Ibm/set of hydrogen at 1374 psla ond.

._, 55._R from the PDL to the reflector plenum with a 124 psi pressure drop

and 131"R temperature increase (nomlnal start of reactor llfe values),

/ The maximum gas-slde wall temperature in the coolant channel crowns

-i_" during steady state operating conditions is about 1500°R..The nozzle

_i throat area is sized to achieve a nominal rated operating chamber pressure

!iI of 450 psla. Flow through the nozzle is 91.8 Ib/sec at a chamber pressure

! and temperature of 450 psla and 4250°R. The throat area, nozzle and nozzle

extension contour, and expansion ratio are such that, in combination with the

_i Pressure Vessel and Nozzle Extension, the subsystem wtll produce a nominal
__ 75,000ibf thrust and 825 ibf - sec/ibmvacuum specific impulse per Spec.

.,_ CP-90290C. The gas stream pressure at the exit of the nozzle is app_oxl-

-_ mately 2.2 psla. The net thrust vector must lle along the longldunal axis

_' of the englne, and the expanding flow must not induce undue vlbratlons'or

oscillations that could cause malfunctlon or failure of the nozzle or

: other engine components.
-=.D

: At rated operation, the nozzle transfers an axial

-_i force of about 900,000 lbf from the reactor assembly to the pressure vessel.

4-215
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_": b. Failure Modes

(01) External Leakage F_'om Coolant Stream

!;'i_i!'. This .failure mode Is defined as loss of

i,'_!_i propellant from the nozzle coolant flow path at a rate above the normal
_I!,i'!: operating limit but within a rate that wil.L permit opera_.ion of the

,-_!i_. engine in the emergency mode. The loss can be either exterior to the

-_": nozzle such as through a crack or hole in the fetus, shell, or flange

_r: /J,.:._ coolant t_lanlfoldor past the nozzle chambe_ flange or bolt seals or

t"..

_!_)_ Into the nozzle such as past the nozzle�reflector seal or through an open-
2 Ing in a nozzle coolant tube.
//

!;i-" (02) External Leakage From Exhaust Gas Stream
:'.:_

. The only available path for external leakageof the hot exit gas stream from the nozzle is through _he seal at the

_! Joint betwecn the nozzle and the nozzle extension. At all other points,
_._:.

...... the exhaust stream is contained within a coolant stream at substantially

L.'>,L,,

_! higher pressures, effectively preventing its external loss. This failure

ii_.- mode, then, involve_ the passage of the hot gas past the aft seal at a rate

_:_"_: greater than the normal engine operating limit but within a rate that will

'_" permit emergency mode operation and will not produce lateral forces beyond--.._%,

i-_! the vectoring capability of the gimbal system.

=,:_ (03) Total Loss of Containment

-_'::" This failure mode is the loss of propellant

:_" £rom either the coolant or hot gas side af such a rate as to preclude

_,_'_:" emergency mode operation or that produces lateral forces beyond the glmbal

_ __": system capability. The most severe instances of this mode would involve

: _: complete loss of the structural integrity of the nozzle such as splitting of

"_- the shell or disengagement from the pressure vessel.
_.= •

_" ,: (0_) Failure To Suprort Nuclear Reactor Assembly

This mode means lo_s of the capability

:. of the nozzle to prevent movement of the nuclear reactor assembly, either

_ 4-216
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e

ro_atlonal or translstlonal, of _ufficient magnitude to cause damage to

the reactor or to prevent its proper functioning. Such motion could

result in breaking the propellant lines entering or leaving the reactor,

b:eaki_g the internal seals in the reactor, binding the control drums,

or otherwise damaging the assembly in such a way as to preclude its

continued operation.

Not___ee:It is assumed ._orthis analysls that the failure of a single nozzle

coolant tube or the failure of a single attachment bolt or bolt coolant

passage will not propagate to cause failure of adjacent tubes or bolts,

resulting in total failure of the nozzle. Analyses should be conducted to

assess whether this assumption is valid and to dete_mlne the specific

e_fects and.the final failed state of the nozzle following burn through or

r_pture of a coolm_-tube, rupture of a bolt, or ether such slngle part

failure.



11

°.

|; ( i

i •

" _ _" _ i4iJ I" I-- t,,. ,

= g g c_ ]

" -- 'i L '• _ !

"I-

. .- ! ) )

= - t i
_ [ I .3

L,

>" I t ,-

- i

:" i I
Z/') _ '

#2 _'_:
.. _ , , i I 'I *N ¢.>

q) ¢: ¢; ¢n ¢J

:- o ¢¢ I_ I., t., _ ,'-* ¢_ :, _ I_

'_.' o uJ r_ I_ ._.1_I.* G O _ :_ _

[ , ,,, i I i, i i i

. 4-'218

00000005



+_.,!_;,_:-++_........ . __.. _'_W'+ -_, ._, .'''_-e'_+_''_+__ .... ...... ,. "_-".+ "'I.... _,' '"."' r',' .......... :....

..... j,, • __

r-I la- _J_[ t--+
r--. r.,,. u

la. I I .... ,o +,.-.I o _+

_' I II " rJ IzI ¢1 _ ¢1 4.J

-..-P 4J _ ._ o...f .c:: o) ;>.,..c:

_ _-._ • _"_ 0 I>,_ ",W _ ..c::0 0 0 ._ _ 0 _ 0 _ "_

P._ _._ 0 _ " ,.Z:..D _ i_ _+,._ _" .. _ _, i; ,.,;t !: ." ra +J [" _ _. _e e _ t+. _ ". . ." _, _. ++" _ .., ¢+ ,.. ;, _ '.,.. Ci ."-+ _ "+,'+-<,
• , I _ +." + ,--.., +. • +:,, :";, :.' _+ _.++_+_''-++'-.;,- :-I ++' ,+_;,'--.... _" L • . ,' _ ; ": '.:. '+._+. 'R _,',(- ._,t;+"
• ,._,' ! _ _: _. , . + t,.+": .-, ,+ +-,, " L %: c: ,..... ;' ": :1

", I,#'I I?.,3 I'_ _-4 , .- f+..- +_, _.' ': t,, +++ ,_, _-_ [.-" • ' ,,,+ _ I,+, _ I_ 'Z r+.
I_" 0 0 +' <'_ :" _ ' ++ 'i +: + "- " +'+ +: f .....
>., _ ;,'.." _ _? ",,+++,.., :-: :++ ,, +. • . :. ',+. .. : ,.+, + c,,+ _+ ,.. :.,

++ " $+ x+' ( " ? ," e +
+t _#_ I'- * + . , /, +.... _+ ;,. _.+ , , .1

.'_. It+ Ul . _ ;: ", '+. + .+ _, .- I.. +. "' ' ,.., , I_ I_++1 _." _:
+"+ .:" _" _+ .+ .... , "+' • + . . ., _+ " . e.. ,_+ ;' r. _. ,
(..:++,I _ , + i' ++ v +t ,. ,.;:.

_J I _ , ,' +_ ,. ++ '+' ' ' r_ . ,

+m ,- ¥, ;+ L...... _ ..... +, .. : ....l o ,' + ,-. +. , .'. + .+..., ' + ,,, ". "+ o ,, , '+.
l t_ +C. ;.+ | , _ r I $1 ' + P " , , '. + . ' ' _ , "J ( ,++ $* /' .

,' I.- I_ r, ,,+ ,, I,, " +-_+ + , , '+ ' _ *+ ,'; ". ; 6' _' ,+

_ _ ;, t: ,', ,, '+., ". ++ s- ). ,., ,'++ ,+.1, , ,'a 't ).

.... .'_+ +. ?.+ ..... _-- : +; _ ,,..+ . ',+ + ....f _t+

+ +. ,- l +# .
• t _ l 'P t + . ' : ' f _ I _ ( '

•''_ '" ". "'+ '- ' ' ' ' _+" t + '' ' I +" t+' ++' "

{.:I, + t+ +. . . ._ . .+ _, + .. fL]. i' ':, t I. '

l_, $' "_ :' • ,: (; ;+" _ ;' t+, ++ "_ .': .. "+ " _. ,+

_,_I ' , , ,., I+, "I+ " +_ l, f+ . r., , + '' ++ t, r ...+
IP._ u'; ., :+ l. (: ' +_ ,++ ' , "- l _' " e.. :. , • ,+ ,'
1_I :_+ t,, , ' _,; 1, ' _. , ' + + .+ , , ++- ,'., ++ ++ t,*

;_ h, +:, _ ,:, f. t. ;_ .t r. ,,. e _' .+ ':: "J' ft ++."r I - c; _',, _+ ,_+ ;' _ '
+_ +_ r.,." _,+_, , ,., > C: +; ._., f,.,, 1+ +,+..... _ .... (' "_ .', r. ' .+ "..: +, : ....... :_ "_ +, '+_, C +: ,., _, ¢:

=.3 ;.,U

"'J "" I "+ _ ;'+ P" +*_ '+_e2 +'+rJ f: .... ++ _ r.-,ea +.+ +++,,++

_ ;_ i, _ e,_ I_ 0 ,-+ _, ."+ _+ '.+ ;+ +._ +J +a _ L, _f+ +++ ,,W ,,,,,m ,l,,a_ _ ('+.
• >.

'C. H k4
, +, tl

•_+ _ o. I I
Oa C

'' ,-4 _,t
N It , ,,,

• N t,,.1

_r: ca

o

• e

+ ,,,,IU -- ,.
_....

"" o _ "v: e
_,, 41_ _ ,.'."._

' I

+ 4-'._J <,

.!

....... ±" .\L +..... , " ++ ...... __..... " "::/ ,_ ,, ; .-..' _, fl. , "+':i.... ............

00000005-TSA04



c.:_..+_, +'+ + t

;_ . ,, ,.

, L,,j il,,,,._(,_
tz. i,.j, O

. ....+L,- i,,4,

.+.

e LL I'_ I"_. ' _"'
-d 'Y 0 I I I"

¼_ C . ,._ Q) tJ
>- ,c.._<'.'+, c..0 "O

.,., =,,., = =,-=

L=" I ,_,._.. ,,£, r,.,} 1.4 ,_ t.,'. ,,. _ ._ (0 _. ¢4 u+_ .IJ ,,.C.+ .._ I,,4 ,,,-i P.,,,,

----:" o '-' "+'-+ "' "-' ° = E-°
:+/ _ !._ _ ""

! • .

•,,:,,.; ,_ C :." ++_ t," _ C *" t-.,'.+ D C- * (_ _ O _ f.-: ¢,.+"-' .. ;:

... t,,,"1_ _f'_ ;, ,, ,+. _,. _..+ _. ,. _ ,+_ _ ,+ r" [: +. _. " +. ,4,I+ .:._ *+

_,. .&" _ t:, " ,. + ;',p +. .s *,,+ I_, t,+ ,% ++:, +:'_ 0 .'_ ;.: ( .+"t. .,,

L+.. t,+,+ I#1 +. _,, , , ,++ '.+ _ , ,, _ ., ,:+_ , - "' ,', , , I_+ +, '+; :

>. C,. '_ _" o,.. ',.: ., r+ _, +,+ .+ :- ,+ '+ ;' , {:

I,. _'. ; ., ';,t _" ,:I ' _'; ,_.. ,+ ., _ .'. ,:, 'r' ., +. !., .'+_ _"
f_, • F. i ,+.+ ' ,,. . :, I, r:. _+, f: 0 , ,..., +.,+ , + t.+ _-,

1,31 (' "1 £-: ; . ++ c ; . _; _. :" , ' t' ,: 4 I . '+= '-" ,:,

_.) ' , ,: . :,', ...... ; . ,, _, :_ _: -.. ....... .
5-_P t,, + ' ' i + , : ':. +." ,: ;: , , • , +" C { r? (,' ,: f. I,. m+_ "_. _,

_" ' _ +++ ,_ "I t. ¢ " , , i+ •. r" ;' + c,z' t " '" _';

I, ,, ;..+ !+ ,,:+ e, +.+ u" ...... ? ,':+'" t_ ,.f .- ,+ , +. , ' ;+ I,+ I,. , ,i, t. + + ": ,,'j , {+ ,:.. (: '..,

. o. f . . +,. ,+* " ;t , " + + -, f , , • ,+, ,"! ,'..'; t.. +'_ _ .-

r , "' '_' " r. , ,.: _ ;: I,, .-. + ,, ,+. +, _,,+ '4": :: ,_ _ • , • r. ;_:

' 7_ _-_ ' '++' +" +. "' '_ +' ::_ :' '" -,: , . £++ r; r + ,,, _ ;. "; '_ ": _"
,...4 "+ ,..++ _; , , ,: + .+, f"? _,, +; '., ";: ,+ _ i , ;'J ,,, _ t,," _., £': :'_• , • ,+ : .., +• .+ _,, ": +_ _., +'++ I,, I,,. _' cA _' ,; ',_

"' '" '" " "++* *" ' , , _ ,._ t,+_ _.. _-+ 'I _ "3 k* e,,/ :. _,_
• _ 'k +_ ".'-""" ,_ _ +"' _; • ' '_ %*' +'+ "" +''+
:, _, ;- ;__ {+ ++; C++, . _,_ ,+.. +,.+ . ,_ ,.. ": _+ _, 0 +." (_+ ..+, I.+ ; +4 +_

m -, _+.v r. _'. _ ., :, . ::-+_ + +_,. -....+ ,, _+ +v,+-, ",+.'+.,.+: _ ,:
•, w ,,_ {_ -..: .,. .,% .... _., _,+ +, ,, '.+ :. "4 ,r: .... + C _- ..-; 0 O _ _w C

• _ ,_ (-, ,L.: .+, t_ 0 _ ;: ,'.z, +., _ t- l. ;t &,; _: ,.e,, ;,_ $+-.,w +-. "-+_ v', ,P.,,,i,,#11
..,.,.,.,.,.,.,.,.)._w ....

,,--4
:':.- t; {-

-,;.'., O (

0,, .+++

, N
. I'I .,i._ +

0
_,,'- _ ..--

0 ,J
w I=

.
Q eL+

,,, _'T _ r3 _ ".o ,_ -..t_
ft.. t.,J "It

, "_. _

/,

,, 4-220
I

"'" l':..Yr.-r'..... '--:'-.,'.. .. .-- .... L._.'..--',.'.".-'_ ..y .+.'--_':_'%..'Y,',...+..'.--_.,'. ""L_. " " .. ."'..'+_''L."--r _- ._:"_"_'--'.,+ _ ._.... "" "_ .'+ .'. _'t... -..'-. ......... "" "
• c, _? .++ , _ . ' , , . + _ ,J .."" !: " : _ :+ '....

• U ,. U , " ,. ,, . • "_' 'r..+. .' ,'+ . . " " " _ + ..... -' :" " + "*' _'+', " " ' .... '

00000005-TSA05



,-o

:-+ _.a_ I-I

pql c," +.I-+

_ • I_ _ _ I 0
•Pt +.-4 P._ I_ ,,-4

I _ '-'

I-,. I-- ,_ _ _ _ _.a C-., _ o: ¢_ _:_, 0

,-., ._ -_ C _-+ _"_. 0 I_ ,_ 4a C.,I e_ 0

•--+ +_ C3 * 1,-, 0 +..-, .:._ _ _ I: 0 I_ P.,4

C+

+ t Egl . "" +: +' +++ "+ ': .... , +'c. +; ,+': '+++-+++ ,-.[:
• . _+. , ( _ ,+t tu t..

UI-- _+ :+' ,.,. _.e _, ,, •i +, +.. ,++-- ' i I._ ' ,+; + t +. ;', + ':_ +: • +.'+ , I;_I_ _ +'t t-* +': _--. +11 "' , ,: IP. / .: I,+, r I+ _I _I
++' td_ _, ,_ I+ +' + p+ _.1 . + _ +P+ . + &) f'.
I_. t UJ +_ ..... , _. _+ . .,+, e. _', v, .+. m,

u • ] "+) ,,.::+;+,',..,-+:c +, r.,;. c.: ,_. ,--, _ _,: ¢.

+ _' ¢' r + _ .... ",'. C'V V
I_I ' +: ! F. ,' _ 1_ ;: : ''++ "+ (` 0 +.: ',: u _, +. oC' (. r_',r: _+. _ , .,: + , P. I++, _ r; *_. ,,
I._ ',. ,.+ _<" I_ ,+., ., ," _+ _++ ; , I.. _; _. .+ "+ I_+ _' 4a ,'_

"+ "-+ t. r* I_,* i ' e 41_. +. .

_++ ),,., + tr: ".,."' "" ; + ' '*J J' I+: . _+;c.4,. ,'' ,+<+, • +,+ , e. + .f ++, ,.. e- ,/: ,.- ; .... .._, _. +'+, <' .-4 6,_ I:; k, I_ *' _ _ +* -+ _* |: *.+ _ "" t"
It'3 _, _ • ),'; V'+ ,+, +, _. '_' +) ;. , + ',+
C3 _. _ _ +; ,.. ," ( +, +; +., r.*) ,+ _, ." _:

_. +, :+ ,+ ., _: .) '_, c' ', _ _, ,, :) :i ;-_ r._ o ++:.', , .+ , _a .... " _, .++_ f.l " ' ++++C) 6+) ".i

.a_ * c t ,-+ ,*) ca-.+ _++.,+ ,_ ', r: . _. :, *_ .,-,+++ C_ ,J

++ t_ i {+ 1:: +1 *) (, C: r:: ' , 'a ¢+ "_ '- _, %+ *+ '_. _ '--

":+ ",_ ;; _,; '/ _ .+, =+ _1 0'I Jl '[

I_I 0a

H
H

_: _E O. l l I I

H C
I',I I *_"
0 _ _'_ I +'_

0"-"

114 ¢_ 0

_" _/ _,l °+ o
I_ *.,_* _ _= _ ..
=" _,a .jU t,., _

• _ :4 _t 0 Ca '0

6.-221
O

k

00000005-TSA06





4.6.2.2 ..Nozele Extension

a. Description and Function

The nozzle extenslo_ (Figure 4.6-2) is

a radiation cooled contoured shell attached to the do_astream end of the

nozzle. It begins at an expansion ratio of 24:1 and terminates at I00:i.

The internal contour is based on the Rao design criteria. Specification

EC-90196A describes the requirements for the nozzle extension.

The'shell is _Ide of fibrous reinforced

graphite. The main body is constructed by laylng up resin impregnated

graphite cloth on a mandrel. A previously prepared honeycomb structure of

the same _teri_l is placed around the oholl, and the whole extension is

then cured, carbonized, and graphitized into a homogeneous structure. Finally,

it is impregnated with pitch and reprocessed to increase the grapl, ite !ensity

of the final product. One pros:ective modt;lcatton incorporates a three

dimensional woven structure of the graphite cloth in the frrward few inches

of the shell to minimize possible delamlnatien in this transition area,

However, the exlsting design as of June 1971 does nnt include this feature.

The e_,_ension (s attachcu to the nozzle by

a segmented ring (3 segments) that bears on a lip at the forward end of tt:e

extension and is in turn halted (120 bolts) to the aft nozzle flange. A

Grafoll seal between the two components serves both to prevent external leakage

through the Joint and to reduce heat flow from the extension into the cooled

nozzle flange.

The vozzle extension accepts the en$ine

exhaust flow from ths nozzle and permits its acceleration aqd expansion to

produce thrust. At rated operation, the pressure of the stream entering the

extension is about 2 psla, and it is exhauste,1 at about 0.3 psi. The resulting

thrust contribution is approxlmately 5400 lbs.

b. Failure Modes

(01) External Leakage

, Oefinlt*_on" Loss of propellant past

4-223
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h.,:

_._ the nozzle/extension seal in excess of the normal operating limit or any

_" loss via cracks, holes, or other openings through the shell body. The

i Y upper llmlt of this mode is a leak rate that produces a lateral thrust

1 equal to _he vector capability of the engine gtmbal.

!R::"
_:: (02) Ioss of Containment

_-_ Definition: Loss of propellant past

i°_ the nozzle/extenslon seal or through an opening in the shell at a rate that

:_°'" produces lateral thrust beyond, the engine glmbal capability or that reduces

_, the engine thrust or propellant specific impulse below the minimum acceptable

i value.

,,...

: , ,

r _

;F .'"Z

!,
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i,C 4.6.2.3 Pressure Vessel and Closure

J-_b!

_: :_ a. Description a_,d Function

.... The Pressure Vessel and Closure

i_ Assembly (Dwg. 1138808) is essentially a cylinder with an elliptical

i :_;: forward closure (F._gure 4.6-3_ Both the cylinder and closure are made
of allumlnum alloy 7075-T73. The details of the cylinder/nozzle Joint

are shown in Figure 4.6-4. Figures 4.6-5 and 4.6-6 show a radial i_

section and a top view of the forward closure. The main cylinder is

54.32" ID with a 0.820" wall thickness. The length between flange

faces is 85.650 in.. The closure is attached to the forward end with a :_

bolted (120 bolts) flanged joint. Tim primary flange seal is at a larger ii
,iameter than the bolt circle, so each bolt must be individually sealed. :_

The current design does not include provisions for cooling the forward, i!]flange and bolts. The closure provides access for inlet of the core

support system coolant and b)-passstreams, for exit of the main propellant _j._

stream from the dome, and for its return from the turbine discharge line i

to the core. It also provides mounts for the 18 control drum actuators 1
q

and access for passage of each control drum shaft. 1
i

,j

_ The pressure vessel and closure

assembly houses the nuclear reactor assembly and contains the'hydrogen _I
flowing external to the reactor during all periods of propellant flow. _:

It provides for generation of part of the engine thrust and transmlts thrust

and inertial loads between the nozzle andthe lower thrust structure. The
I

closure furnishes _.echantcal support for the control drum actuators, the _j

turbine inlet and discharge lines, the structural support coolant lines,

and the required instrumentation adaptors.

During normal engine operation, the

highest pressure within the vessel occurs at the inlet to the r_flector. J

"iAt the stm:t of reactor life, this pressure is a nominal 1190 psia

(1162-1237 spec. extreme range), and it increases gradually to 1198 psia

_.,, nominal at the end of llfe. The temperature of the main propellant stream I
;.r!

_di in contact with the pressure vessel during full _ower operation ranges from
_ ':"_I"'
_i:;. 18701, '_ttl_e reflector inlet to 276°R at the dome exit to the turbine inlet llne.

.,:a,,. 4-229
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All seals to prevent inter-channel

leakage between the pressure vessel and reactor are considered part of the

reactor assembly. Seals to prevent external leakage through the cylinder/

• closuze joint are taken as part of the pressure vessel and closure assembly.

i Seals external to the pressure vessel such as drmn actuator closures#
!;

,. i_strumentatlon operatures, SSCL and SSBL closuresj and TIL and TDL closures

_. are considered part of the respective hardware,

b, Modes of Failure

(01) External Leakage

'_ Definition:. Loss of propellant

': external to the pressure vessel and closure at a rate in excess of the normal

_<":" operating limit but not large enough, to preclude emergency mode operation

i__i or to generate a lateral thrust in excess of the engine glmballfng capacity.

" The leakage can occur via an external Joint seal or through an opening

i":--_ through the vessel body,

__ (02) Structural Failure

..:. Definition: Loss of physical

integrity of such severity as to cause loss of propellant at rates that

result in thrust mfsallgnment beyond the engine glmbal capacity or that

' preclude emergency mode operation or as to preclude transmission of normal

loadq between the nozzle and lower thrust structure,

4-2]4

--.-_:o i _ .:. : : \. .. b' . . ._ . ..., '.. . _ .... _. ....'.

O0000005-TSB07









,J:?

SECTION4.7

THRUST_S.T.RUCTUREAND EXTERNALSHIELD SUBSYSTEM

8

i-fi

.4.'!

,_o',

:/•i

,,'r

, 1

7J ,,}

O0000005-TS B11



_!_! 4• 7 THRUST STRUCTUREAND EXTERNALSHIELD SUBSYSTEM

_, 4• 7• 1 Description

_'i_;i 4 • 7• 1• 1 • Function and Requirements

The thrust structure is the primary

engine load carrying member between the forward closure of the pressure

vessel and the main propellant tank. It transmits engine thrust .and inertial, i,)i loads between the pressure vessel and a structural ring attached to the

tank and must. withstand the loads imposed by gimballing. It also provides

!i. structural support for the wirir_ harness_ 8imbal actuators, external

shield, and propellant and tank pressurization lines•

The external shleld Is a sandwich

radiation shield structure that is supported from the thrust structure near

the pressure vesseJ dome• It attenuates radiation from. the nuclear reactor
i,

to tnaintain exposure of the crew and passengers within acceptable levels.

In conjunction with indigenous shielding in the payload, It limits exposure

to a maxlmumof 3 r_,mfor flight crew members and i0 rem for passengers

during each mission. The shield is removed for unmanned missions.

4.7.1.2 Configuration

The thrust structure consists of two sub .......

_i!_ assemblies. The Lower Thrust Structure (LTS) in_erfaces with the pressure
._, vessel closure and the aft section of the gtmbal assembly. The Upper Thrust

_i_i! Structure interfaces with the forward ._ectton of the gtmbal and the main.
_'. propellant tank. Both structures are made of alumintun. The LTS is a

_'_'.'. cyllndrlcal-conlcal member wlth gross dimensions about 69** long and _8" diameter,

i;::i', not including the flanges and the various mounting brackets and pads attached

,,, to It. The UTS is a trussed-beam configuration 17" long with a diameter

_:':! tglcreasin8 from about 30*i at the aft face to 58" at the forward face. The

''. longitudinal axes of both sections lie on the neutral position centerline of

=,' the engine.

-_' The overall dimensions of the external

_" shield are 99" diameter and 10" thick. It is mounted on the LTS with its

" aft face a few inches forward of the attachment plane between the LTS and the,, _.

:::. _-238
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_-__',,- pressure vessel closure, Tts longitudinal axis colvcldes wlth the LTS

i// centerllne.

Z_ ,•

_',, 4.7.2 Failure Analysls

'/'/i

_,,/:" 4,7,2,1 Lower Thrust Structure

i_''',

_ a. Description and Function

_,,.,_,,_'""' The LTS (Figure 4.7-1) consists of

two primry sections. A cylindrical shell 38" in diameter extends from

the interface with the pressure vessel closure to the forward face of the

external shield. A conical section extends from that point forward to inter-

face wltlt the glmbal subsystem. This section is approximately 51" long with

diameters of 38" at the base and 30" at the forward end. Access holes are

cut through the shell for passage of the TIL, TDL, SSCL, and SSBV and for

installing the central portion of the external shield. Brackets and mounts

are provided for the TPAts, the aft end of the gfmbal actuators, the external

shield, and for support of the propellant lines and the instrumentation and

cont_-ols and powe_ cables.

The LTS transmits thrust and inertial

loads from the pressure vessel closure to the gimbal assembly and the gimballing

forces from the gimbal actuators to the aft section of the engine. Zt also

p_ovides structural support for the TPA*s, the external shield, several

propellant lines, and part of the w_ring harness.

b. Modes of Failure

(01) Fails Co Transmit Thrust
Along Proper Axi_

Definition" Loss of physical

_;t_ integrity of such magnitude as Co destroy the capability Co carry the normal

_i I'," thrust and inertial loads or as to cause deformation resulting in thrust
§ ,

,i/i'f'i!• vector misalignmenc beyond the engine gimbal capacity.

_, 4-239 ,', '
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4.7.2.2 Upper Thrust Structure

. a. Description and Function

The UTS (Figure 4.7-2) is a 17"

long alumlnumbeam structure wlth attachment flanges on each face and a

generally conlcal longlCudlnal section. The diameters are 30" and 58"

at the. aft and forward faces, respectively. Mounts are provided for the

i forward end of the gimbal actuators, the cooldown line, the tank pressurlza-

;.: tlon llne, and the wiring harness.

:_ The UTS transmits engine thrust

i: and Inertlal !oads from the simbal assembly to the maln propellant tank

and transmits the engine glmballing forces from the simbal actuators to the

vehlcle structure. It also provides structural support for the individual

components llsted above.

b.. Nodes of Failure

: (01) Failure to Transmit _irust
Along Proper Axis

Definition: Same as for LTS,
above

(02) Failure to Support Interface
; Components

Definition: Same as for
" LTS, above

i,

J
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4.7.2.3 External Shield

a, Description and Function

Tlm External Shield (Figure 4.7-3)

is a composite structure 99 inches in diameter and 10 inches thick and Is

mounted on the lower thrust structure (LTS) at Station 69.33 between the

i
reactor and the rest of the stage. It consists ba'slcallyof separate layers ._

of borated graphite, lead, and lithium hydride with a vold space near the !

forward face to permit future design modifications that may be found necessary.

The shleldlng materlals are enclosed and supported by a stalnless steel

structure consisting of two horizontal plates Joined by concentric cylindrical

and conical sections. The horizontal plates serve both as shielding material

and as structural members. The cylindrical and conical sections sexve only as

structural members,

The assembly Is divided into two

areas by the lower thrust structure; a clrcula_ area Inside the thrust structure,

and a ring shaped area sur_ounding the thrus_ structure. The internal section

Is supported on cross members of the thrust structure. It is divided Into

three segments to permit removal through an opening In the slde wall of the

thrust structure. The section outside of the thrust structure is divided into

four quadrants, each-_.whlch Is individually attached to the thrust structure

and to its adjacent quadrants.

For manned misslons_ the External

Shield attenuates radiation so as to llmlt radiation exposure to 3 Rem for

fllght crew members and i0 Ram for passengers per mission. For unmanned mlsslons_

the _xternal Shield Assembly Is required to be removed to permit greater payload

capability for the vehicle.

b, Modes of Failure

(01) Structural Failure

De_Inltlon: Any loss of

physlcal integrity of the shield structure or mountLng brackets that allows a

section of the shleld to move to a position outside the normal assembly tolerances

or to disengage from the rest of the assembly.
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SECTION4,8

GIMBALASSEMBLY SUBSYSTEM



4.8 GIHB_LLASSF?ABLYSUBSYST_!

4.8.1 Description

4.8,1.I Function and Requirements

The primary function of the glmbal

assembly is to provide a means for varying the direction of the engine thrust

vector relative to the vehicle center of gravity to permit directional

control of the vehicle, The subsystem is required to provide gimballing of

tileengine in any direction (circular pattern) aroulldtilenull position as

follows:

(a) A.81e fro_ null 3.0 des. minimum

(b) Ansular velocity 0.25 "/see minimum

. (c) Anl;ularaccel_ratlun 0,5 */see2 minimum

.

It must 41so transmit the engine thrust and inertial l_]adq between the lowerr.

slid upper thrust structures.

&,8.1.2 ConfiR.rntlon

The |tmbsl assembly subsystem conmlsts of

the IlimbAI structure that Joinn the lc._er and upper thrust structures and

¢ontatna the plvotm and bearlnRs to permit the required motion and the AilRbal

actuators thdt provide the forces neceslary to psrror_ the It|mbslllnl!. Tvo

! lctuatora are located 90" apart to provide motion in the pitch and yaw _xes.

Combined operdtton of the two actuators is used to furnish motion in the off-

axis directions,

t.S.l Fatlpre ^naly,ta

t.8.2.1 Glmbal Pivot

i; a. Description and Function e

;'t

_- The tl_bll pivot (lrl_ure 4,M-l) conmi_ts

:[ of tvO pairs of besrtnls lorllted on ortholonsl ax**. the connectln R cruelfc_rm

..... " 00000005 TAD04



yoke, and a set of flexure plvots in each of the bearings. The four

trunnion housings are attached to the thrust structures one pair to the

LTS and the ocher to the UTS. The flexure pivot assemblies (Figure 4.8-2)

transmlt the bearing loads between each trunnion and its housing through

a set of flexures In tension. Bending of these flexures permits gimballlngJr

of the engine with no slldlng contact in the bearing under normal loads.

Under extreme loads, the flexures will elastlcally deform far enough to

permit the trunnion to contact the flexure assembly housing and trans..It

the exce-s load by direct bearing. In addition, if a flexure should break,

the assembly will function as a loose conventlonal bearing, providing

a redundancy for the pivot.

The gimbal structure permits motion

of the portion of the engine aft of the pivot point to alter the direction

_ of the thrust vector within 3 degrees in any direction about the null position.

It mu_t also transmit the engine thrust, inertial, attd gimballlng loads between

the LTS and UTS.

,,

_ b, Modes of Failure

(O1) Flexure Blade Failure

Deflnltlon_ Rupture or

per_nent deformation of a flexure blade resultln_ in its inability to

carry desLsn loads and permitting the Journal to bear directly on the flexure

il housLng under normal operating loads.

: (02) Pivot Bearing Failure

Definition: Alteration of a

: surface of a flexure housin 8 throush corrosion, contamination, etc. that

prevents or restrlct_ relstive action betveer the trunnion and flexure housing

or betveen the flexure hou_lnE and the trunnion houstn_ sufficient to preclude

the required _a_!ne _t_batllng.

&-253
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i !_'_. (03) Structural Failure
; i_

_iii!::: Definition: Loss of physical

_.i."_ Integrity or deformation of the yoke o_. a _runnlon housing o£ sufficient"

_=::. magnitude to destroy the capabillty of carrying the required loads or to

_:_; preclude the req,_ired engine 81mballln8.

! .!
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4.8.2.2 _bal Actuator

a. Description and Function

The C_nbal Actuator ls a pair of

electro-mechanlcal actuators (Figure 4.8-3) together with their controller -

upliflers. The tvo actuators are located 90 ° apart to provlde thrust

vector control in the pitch and yaw planes. One end of each actuator

/8 attached to the ITS and the other end to the UTS..The actuator rod

Is driven by a high speed dcmotor through a clutch, gear train, and

ball screw. Extend and retract directions are accomplished by reversing

the motor. If the primary drive motor fa£1s, it will be decoupled and a back-

up motor coupled to the gear train by energizing a second clutch. Snubbing

devices are used to cushion the rod travel a_ the extreme positions. Rod

end bearings on each end of the actuator assembly are protected with steel

bellows. Two completely redundant electrlcal power and control channels,

Includlng rate generators and llnear position transducers are provided.

Each actuator has a nominal stroke

of _ 1.48 inches from the null position (nuaximumstroke 3.40 in), and the

design linear rate is 0.33 in/sec. The nominal actuator stall load is

2?000 lb, and the designmaximumstatic load is 30,000 lb.

b. Modes of Failure

(01) Fails in Place

Definition: Inability of an

actuator to be moved (either extended or retracted) from its present position

by the drive motor(s) or by the loads applied to the push rod...The failure

position can be any point within the actuator span.

(02) hnprop_r Position or Rate Control

@
Definition: Failur_ of an

:, actuator to move to or maintain the position required to provide vehicle dlrectl_nal 1

4-259 i
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control or l_ability to achtevc such position within the time limt_

",.:' required to maintain vehicle contr_1.

: f.
,, (03) Structural Failure
?:

_,zJ
;.: Definition" Loss of
i.:"7

_-_::• structural Integrity or permanent deformation of such magnitude as to

i-:_:. destroy the capability to transmit normal actuator loads or to achieve
= -L,.

!:¢ the gtmbal positions required to maintain vehicle directional control.
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_ 5.0 DISCUSSION OF RESULTS OF THE ANALYSIS

=i_:' 5.1 GENERAL OBSERVATIONS

_i The results of the analysis presented in Sections 3 and 4

_;" indicate that potential trend characteristics are present in all engine

_i: components and that methods for monitoring them during flight operation vary

.__:,_: slgnlficangly in complexity and reliability. For example, trends such i

_ii as those reflected in degradation of valve response characteristics can be
_._.

_, monitored with little or no addition instrumentation required beyond that

needed to control the engine. On the other hand, the development of monitoring

techniques fS_.o_her trends such as hot gas corrosion of the nozzle extension I

m/ght involvelnstrumentation development programs as extensive as some of
J

the NERVA components themselves.

i It is also apparent that the probability of the trend

mechanisms Identified occurrlng varies markedly and since thls probability

=.:,r_}: will aot be confirmed with any certainty until further analysis and/or

_'}; development and qualification testing is completed. It Is difficult to

__: establish which trends should be monitored in flight on the basis of present

-_: prol,ablli_y estlmates alone• It should be noted that a primary purpose

_% of the development program is to eliminate or control wear and deteriorating

-i:': trend mechanisms to the point where the expected frequency of occurrence

-_:_" is so negligible the potential progression of these mechanisms need not be

_' monitored•

_._.:_. 5.2 USE OF TREND MONITORING TO PREDICT CATEGORY IV FAILURES
__i

-_'_I On the other hand, it was observed that the end effect of

_:;'ii the various trend progressions on the engine varies drastlcally, and while• it might be difficult to Justify monitoring a trend on a valve that is not

,/:ii
a single failure point, It might be highly desirable to be able to monitor

_,- the progression of a trend on the nozzle, pressure vessel, or reactor

"1 that could result in a Category IV failure, regardless of how unllkely

I analysis and testing indicated such a progression would be. Indeed, it

' ii'- would appear that trend instrumentation that would prevent starting off on

i] a mission that could terminate in a Category IV failure should be discussed,

" - " ° " " 00000005-1:SE02



. Justified, and traded off Just as if it were a redundant component being
i

considered, since its net effect on mission safety could be substantially

_he same as a piece of redundant hardware.

2.

5.3 NEED FOR I_rREGATED DIAGNOSTICS A,_ALYSIS

!

_ Both the analysls and the study of related diagnostic

_. functions in other vehicles point out quite clearly that instrumentation

.-_" for the trend monitoring function should not be considered solely by itself,

but should be identified, analyzed, and Justified as part of an integrated

• program also concerned with the related functions of engine operation, mal-

function detection, checkout, verlflcatlon and fau)t isolation, h_lle it

.:_ is probable that certain measurements might only be required for trend

' monitoring because of the need for early or preclke detection of the

initiation or progression of a critlcal trend mechanism, 'it is also likely

that many trend monitoring requlrcments can be satisfied with the same

instrumentation adequate for other functions. Jlowever, unless all diagnostic

.. functional requirenents are defined to the s_me de_ree and studied Jolntly,

it trill be difficult to determine the optlmu_ systen aml assure that prior

: Inform._tlon is available for definitive C and i subsystc_ Jeslgll,

?

¢
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! 4.9 REACTORASSEI_L¥ SUBSYSTEM .

4.9 • 1 Description

See NSS FMECA, Ch;ipter 2

: 4.9.2 Failure Analysis

4.9.2.1 Fuel Elements

!_! See NSS FMECA, Chapter 3

;,_ 4.9.2.2 Cluster Hardware

L4:',_
!_:,_ See NSS FMECA, Chapter 4

_:_ 4 •9 •2.3 ..___Eore_Periphery
p_

L:,/ i

i_i_ See.NSS FMECA, Chapter 5

}_ 4.9.2.4 Core Support and Plena

!'_ See NSS I_IECA, Chapter 6__"_

• :{

!-_ 4.9 •_•5 Internal Shield

_ See NSS FMECA, Chapter 7

_"! 4.9.2.6 Reflector Assembly

:;: See NSS FMECA, Chapter 8

;--_ , 4.9.2.7 Control Drum Drive Assembly

"' See NSS FMECA, Chapter 9

t
.!

:,i

'i

/.!

',._j

,i .[
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4.10 STRUCTURAL SUPPORT COOLANT ASSF)IBLY

4•lO.I Descrlptlon

See NSS I_CA, Chapter lO

4. I0.2 Failure Analysis

• 4.10.2.1 Structural Support Coolant Valve (SSCV)

See NSS _CA, Chapter 10

4.10.2.2 Structural Support B1ocklns Valve (SSBV)

See NSS F_CA, Chapter 10

4.10.2.3----_tructural Support Coolant; Lines

See NSS FHECA, Chapter 10
i .
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.. AB.qTRACT

Yhls report _ununarlzes the worl,,.performed by ANSC and NANL

._,_ In the tnttt,_l Identification of trend characteristics of the NERVA

:: engine. It contains a deserlption of the identification procedure and

;<_ the relatlonshlp of tr_.nd data monitoring to other diognostic functions.

•"_ An l_Itlal identification of posslbl.otrend monltori_g methods Is also

:_' includedj together with recommendations for further analytical work

)_} relative to selecting grend characteristic measurement methods and ............

'-'_ techniques.

.;/,-
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1.0 I,NTROI_.'t:TIr):;

This volt,me contains a stun_ry of the wear and deterioration

trend characteristics that have been Jdentlflcd fur the 400E h_RVA engine.

Although de_ailed failure mode anaJy_e_ have not been completed for all

components of this engine, sufficient historical information was available

to provtdu a b_Is for establishing a ¢omprvhen_|ve lib| of potential

trend charactvri_tics that can forB the basis for further study and analy_is.

N1xlle thl_ ll_t of Identifled trend chavncterlstlcs is n.','esnarlly

tentative, th,. K[RI)[[|('_Ill[ l=r_JBr_ssr,.de In av_}-'zlng trexldmechanisms and

their lnt_rrl.iattonMht_,_ with otl,t.r n-n-wt.ar av_,] _]_0t,.rl_ratJon _erh._vti_

hsa lead to a butter ul)dvr_ta-'._dtl_g of dexrad_ttl,,n l.,th=re _(,der and to the

|tep_ th,,t can be ta}.,.n w.ithln th,, f;,_.,-_rw.lk¢,f a trend data monitoring

Proi_ram |o ellnl.nte thus or c_,_trcl |heir eifr,ta.

]n addlt|c,n t,, Id,_v=llfvin)A tr,.v_4 rh;_t;.'terl_t I¢_, con,_!drrable $_r,,_r,_._

WNa m_¢|e ll) ¢|elelP_n'n_ wt_,)t p¢_n_lh_e r_mlltortrF, It,,qin/t_u,,_ exist that ,',,'lld

be appll,'d or adapt(.d =_ _ea_zr,, t|,l, pr_?,r,'_i,_n ,,f wear and detett,zrntl,.v_ tn

filth! ,,r_rln,,.,,|,,,ul,IIt t,e dr,.rs,_ :_*-,*_,.,t',t,' 4,, _,,. In gt..rvn[, I_ _,a,,

f_0zu!4 'b:'l r_:_n_' _,f lh;' tr=._,,_,_ ,r,,_t,' _.,' _,mlt_._,,! _'." ,_:',_!1,,I,1,. ln,_frz=r_,.t_t:t _,=',

hilt thal f,here s,,orpq,)mr fh_It rrsolr;(.,)Iv h_' qrn._rd by lab(_r_itory tvpo 4evlreq

wll_e app|.[(ahllllv t_) thn ,_;}RVA fil_;ht _nR!n,' ,';Wlylm_ent is Indet_.rr_ln_te

=It thin tl_.

In the process of assoctatin_ po_slble monlt:nrln_ techniques with the

identified trend mechanisms, it has become apparent that the interrelationship

of trend monitoring to the engine cot))eels, malfunction detection and pre-use

checkout functions should have a significant role in determining the op¢i_

type and quantlty of instru_entatlon to be employed in a flightengine design.

One of the positive products of this work is a recommendation as to the kind

of factors that must be considered in determining the methods _y which trends

and other phenomena viii be monitored or sensed.

Another significant accompli_hznen= was the development of the

concept that flight _-end monitoring might be mos_ effectively used in

preventing Category IV failures, ({or which no contingency aceion is

feasible) by predicting the need for corrective maintenance before a

critical time Is rr,)¢h(,(l,

I-I
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To present these findings in the most comprehensive manner, this

volume Is divided Into three sections, (I) a brief discussion of how

the identification procedure was developed, (2) a subsystem by subsystem

discussion of the identified trend characteristics and possible monitoring

methods and (3) a cross tabulation of characteristics, monitoring methods,

and p_rtinent measurements identified In the Measurement Requirements Llst

(Data Item C103) published in Feburary 1971.

(i

,: 1-2
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_,f

:i! 2.0 TREND CHARACTERISTIC IDENTIFICATION PROCEDURE

-_ 2,I IDENTIFICATION OF DIAGNOSTIC FUNCTIONS

i;r To accomplish the task of identifying trend characteristics,

-' It was first necessary to distinguish the trend monitoring function from the

_! various overlapping functions using diagnostic instrumentation on spacecraft
-,W

,=L and aircraft that have previously been identified by various names. A study

,:i was conducted Mlich concluded that the functions using instrumentation shouid

,_ be categorized separately as follows:
,C}

i} (a) Control. This function uses instruments for the primary

purpose of controlling the vehicles subsystems. Control can be open or

:i closed loop and may or may not involve man in the loop. Operation of al__l

vehicle subsystems is covered including pouer plant, structure.,..en_Ironmental

".-I controls, communication, etc.

(b) Checkout and Verification, are closely related functions

•' that utilize instruments prior to a system's operation to assure its readiness

_" to operate in a safe and reliable manner. Checkout tlsually refers to action

occurring prior to first use or following major maintenance. Verification

i refers to action followlng successful prior checkout or operational

usage to assure that a system is ready to operate or continue operating

in a safe and reliable manner.

(c) Trend _fonitoring is the function of monitoring the

._ progress of wear and deterioration for the purpose of anticipating or

: predicting the need for corrective maintenance, or for altering the planned

, operation to reduce the risk of failure. Trend monitoring can be inter-

mtttent or continuous during operation or can be based on observing the

t pattern of degradation from checkout to checkout.

I

....! (d) Malfunctlon Detection is the function of determining

,, that a failure mode has progressed to a predetermined point at which
contingency action should be initiated.

2-1
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_:, (e) Fault Isolation Is the function of tracking down to

_,:r the component or lower level the source of some manifestation of unsatls-....._t-

- factory performance detected at the system or subsystem level,, Typically,-.Z.

-_f_" the unsatisfactory performance Is manifested as a result of operation, cbeck-

_i:. out/verification, trend monitoring, or malfunction detection and it is

_,:_.: desired to determine more precisely the cause or causes so that corrective

-_k: maintenance or other appropriate action c_n be implemented.

.,; 2.2 RELATIONSHIP OF TREND DATA .'.!ONITORING TO OTHER DIAGNOSTIC
_=_ FUNCTION S

. ;.,

:_; As indicated in the foregoing categorization of diagnostic

,/. functions, trend data monitoring is restricted to following the progress of

' parameters related to wear and detet'toratton. Reference should be made to

=:' Data Items S102 and S103 for information pertaining to engine control and

malfunction detection instrumentation.

_." To aid in understanding the interrelationships of diagnostic

__ functions; a brief history of their evolution as pertains to aircraft and

?_2 spacecraft has been included _n Appendix A of thi,, volume.

?.

2.3 PROCEDURE FOI.LO%T.DIf: IDE!_I[5'I,_GTRIIND

/- CHARACTERISTICS AND HONI'I'ORII_GHE'IIlOF}S

",, Ba_ed upon the concepts discussed In the previous section,

/_i, the following procedure was evolved and followed for the purposes of

i:., identifying the trend characteristics and associated monitoring methods

,,: for the NERVA engine:

, (a) Available failure mode analyses (F_), fallurc _dc_

'? and effects analyses (D_CA's), ¢ontlngency analys_s, drawings, and'} i

specifications are reviewed to detet_ntne characterist_s involving one or

'_ more of the following rannifestations:L".'

".. (I) Surface physical wear due to sliding or rollln_

,_,, contact,

° " 2-2
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(2) Surface or internal deterioration due to heat,

radiation, etc.

' (3) Electronic property deterioration due to heat,

radiation, etc.

(4) Surface corrosion due to contact with fluids,

gasses, lubricants.

(5) Mechanical property degradation due t_ fatigue,

creep, etc.

(b) Gradual, relatlvely long term trend mechanisms involving

wear or deterioration that can result in component degradation or failure are

given primary consideration when identifying trend ch_:racterlstlcs. Relntlvely

fast, short term trends that would progress from tile Initial detectable onset

through to failure during a period of a few seconds are considered to be within

the provence of the malfunction detccLfon system.

(c) Neither the probability of occurrence nor the engine effect

' category ate ¢on:,idercd in the pr_.ltmln,tty lth:nt if/vat ltJn of trvnd chara_ t,.tl_t l cs

presented in this report, Such factors, alot_g with wc.lv.ht, cr,r'_onallty,at_d

reltabll.ity _f monitoring dt_vteen t_'ould bc proper fnctors f_r consideration

in a _ub'_equent evalttatl_m to dctert_tn_ the opttt_um engine |nstrum_ntation

rcqu I remont s.

(d) Ponstble v, mitortng t_:.thods are to bf, Identified

for each parameter, Preferably t,_,s=, ,_houl,d be feasible durlnz f|tght

operat|ons, should bt, ¢apab!e -f detecting, a deterforntlon as early as

possible, and _hvttld yield a siena|, prop_rt {anal t=t thf. _l,_,re¢. ,_f trend

prop, rt, ss Ion.

2-3
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_ 3,0 DISCUSSION OF IDI_TIFIED TRE._IDCIIAPACTERISTICS
z AND POSSIBLE ._IONITORING HET!!ODS

_._

_: 3.1 TURBOPI_fP ASSF_LY

_.

_=_ 3.1.1 _ntroductlon

::_ The TPA, because of its hlgh-speed close-clearance

i:'i rotating components, is a prime candidate for wear and deterioration parameter
_
:_ monitoring, The prlnclpal trend phenomena that might be expected are

! _ surfece wear (in the bearings, labvrlnth seals, .an_.balanee piston lands),

-_ coolant filter clo[,gi_._, and creep and fatigue in the turblne blades. Other

:_-: potential degradatlon { rend manifestatlons Include external leakage at

•_:i inlet and outlet flanges of coolant-supply lines.

_ 3.1.2 Bearing _ear

Present plan_ call for the monitoring of bearing

._ coolant _I, erature entering and leaving holt, sets of bearings as the primary

. means of detecting bearing uear, bac_-ed up by axial and radlat _haft displace-

ment measurcraents. Also under consideration is the shock pulse method

which records l,oth the frequency and r agnltude of ultrasonically trans-

mitted shock impulse. Shock pulse is reputed to be able to detect bearing

wear far in advance of any o_her _ethod; however, Itn capability to do so

- with a cryogenic coolant has not been fully cv._|uated. BearXng temperature

monitoring l_a_ the advantage of also _upplylng data on pump chilldown, but

pr_,v(,._ te___ experience t,;;!t(at . ter_perature rl_ wa_'ninR of hearing failure

I_ '_'_eti_,,__nly ,.f th_ ord_,r _f m:nutr_, a_d there are _nme types of bearing

l Wear of an','nf th_ trn l._t,vrf_:th,c._l,', ,i,_a i,..,,_r

of r_tor _._rhousing dl_place_,nt could be _nltor_d Indirectly by radt.al

s

" 3-1
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_::_i:_ and axlal dlsplacement measurement which should be capable of detecting mo'_c-

:-', ment that could lead to year. Should post test inspection during the

_4:.:_:: development test program indicate seal wear occurred that was not detected :

;_/_ by dlsplacement indlcator_, consideration can be given to measurement o£....:;;11

:_:. dlIferentlal pressures of coolant £1ow through each labytlnth. Although i

:,:_:_ additional parameters such as turbine speed and Inlet av.d outlet pressures of

turblne and pump might also have to be s_ultaneously evaluated to detect !

true labyrinth LP degradation, an advant:age results iv. that a measure of TPA

e££tctency would be derived.

3.1.4 Balance Piston Land _#ear

As wlth labyrinth seals, wear of the balance piston

lands would be detectable by a combination of axlnl displacement, balance

cavity pressure, pump discharge pressule, and RPH...................

? I 3.1.5 BladeCreep and Fatigue

_-:"i Although detection of these trends has been
'!I accompllshed by strain gages and test _tand mounted infrared scanners, the

-t_ mounting of such equipment within the TPA does not appear feasible £or
"I

_'i' operational usage at this time,

.,,'i 3.1.6 External Leakage

I The e_Istence of external leakage of liquid or

1 gaseous hydrogen through external Jol:_ts can be detected In several w_y_.
Ultravonics or resistance temperature transducers have the potential to

:, detect external leakage; however, their capability to quantify leakage rate
!,

t_ unknown. On the other hand, external leakage rates on _RX/EST were

iI quantified by col}eetinR the leakage in a manifold and mon_toring the

'; pre_._,_reri_c _nd teml-_erntureof the _,as flo'aln_ into a ven._ahle sccum_ulator.

i A rarer,,$_r,$(Iir:_t _,R(cr_ _{(,I_r-,*| tiI_c In(_i:l(n1"lng_,'(,*)]tiIcqttlr(,devf)opmo((t

i ,_f .r_ethn,!f,:ir,,,l,:_rln_,_,_ Ir:_I,aRorat,, ,TI ,_c:mtilmc,_lqha_l'_. Since

:' t_:v,*!v,_:-_:vi_,,1,!,,,y ,,_l),.,!i_s!,_,__. t,,r es,h },_l:_rth=It "_'_,_1,I lJ_,'_' th,'

c;

',. 3-2
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leakage gas past a common flow meter. This would yield the total leakage

rate for the module and, if more specific fault isolation were required,

rgststance temperature transducers could be. added at each Joint to identify

the source,if not the magnitude,of the leak.

3.1.7 Rotor .Dynamic Balance Degradation

: Excluding the effects o_ bearing wear, the slow

degradation of rotor dynm.t/c balance due to such causes as material creep

or distortion of shaft or hotmi¢_, components does not appear likely. Such
)

_:_ slow buildup might be detectable by shaft displacement measurements; however,

': they would tend to be obscured by transitory displacements resulting from

;__ changes in fluid dynamics or forces acting on the housing external to the TPA.

Slmilarly, balance degradation induced by turblneblade loss would be sudden

14 in nature and would not come under the function _f trend monitoring.

Experience with the use of accelerometers on TPA's

and ether rotating equipment indicates that they are too sensitive to the

numerous sources of vibration change to be used for monit,rlng a gradual low

level trend.

3.1.8 Pump Cavitation

Pump cavitation is the result of attempting to

operate a pump when inlet conditions ace marginal. While this phenomena

: can result in pump blade erroslon or pitting with some fluids, such

. deterioration effects are not expected to result with liquid hydrogen

due to its low density. If cavitation does occur, it is more likely

to result !n unbalanced loads on th,_ pump bearings which could produce

bearing wear symptoms that could be detected by the previously discussed

techniques.

_.1.9 Coolant :_ppl_.v Filter Clogging

: i Clogging of bearing coolant supply filters cov.ld

tmtlduI_ to the, poiut wl_:,r_ [_,,,-_r_n_: o,:,,r!_f.,:_tlu_.-, w.uld result. This is

3-3
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not considered iikely, but if it should occur, the effects would be detected

by an Increase in the pressure drop across the filter.

3,I, I0 T_r_bineBlad_4Flow Passa_ DJ stortlon

The posSlbillty exists that c'_ul,tlve thermal

distortion of turbine blades,and components affectln8 the direction of

flow passage could result in gradual TPA performance degradation, Such a

trend would be manifested in a loss in TPA efficiency and would require

measurement of pump and turbine input and output pressure and temperature

conditions, plus TPA speed, to detect.
;%

3.2 VALVES AND GIMBAL.ACTUATORS

: 3.2.1 Introduction

:- The fai'lure mechanisms of these components that

:.. are associated with..relativelygradual wear and deterioration principally

involve the electrical motor, the valve seats and sealing surface, surface

_' contact elements of the actuating mechanisms, and the detection instrumentation

::i: itself, Actuator motor circuit degradation is possible both in terms of
insulation degradation and deterioration of the various controller electronic

i
elements in the radlatlug environment, Motor bearing wear iR possible if

lubrication degradation occurs. Surface-to-surface wear in the gear trains

.. and between moving actuator components and valve houslngs.._an occur, Another

prime consideration for any valve is seat wear, At the present time it is

•:' planned to monitor the progression of such wear and deterioration by a combina-

tion _f actuator circuit characteristics and valve response characteristics

!. (position vs tlme). To eliminate the masking effects o_ system pressure

variability, it is anticipated that primary trend measurements will be obtained

during the prestart checkout actuation before every firing, It should be

noted that degradation in response characteristics could be a result of

:' problems w_thln either motor circuit, the actuator drive train, or the

valve itself, However, since there appears to be no compelling reasons

why more specific fault isolation capability is required for flight

operations, it .qi_ouldnot be necessary to provtde trend detection capability

to lower levels within the replacement modules.

3-4
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3.2.2 Interne] LcaEag e
•:0_..

L:";ii.
• .,_, One of the valve trend mechanisms for which

_i- monitoring techniques are sill1 being evah, ated is internal leakage, At

_ {.,_:. the present time, the possible methods _f instrumented leak detection

_ "_'" include externally mounted u]trasonlc sensors and internally mounted resistance

_ok_, temperature transducers. The determination of whether either would be capable

of quantitatively assessing the buildup of low leakage rates of gaseous or

_,_ llquld hydrogen will require further inve.'_gatlon.
_

o_*_v 3.2.3 Position Indicator Deg.radatlon

i ;_ Tbe current design policy for all valves except

_ those In the purge system Is to have three posirlon indicators each directly

i',_ reading the amount of valve opening. While this policy most directly benefits

,:_,,, the malfunction detection function, since It enables assessment of the degree

_/! of intermediate failure, it has two.advantages for trend data monitoring. The

_!_" £1rst is that by comparing the three r_adings among themselves, the degradation

_ _"_!, of one of the three position indicators could be detected (if more tl,an one

---_. indicator would start to degrade, _uterpretatlon would be difficult). The

°,_".- second advantage is that continuous position indicators, as oppozed to ]_mlt

Ooo, sensing devices, permit calculation of position vs tlme response characteristic

_-_. parameters. Used in conjunction wlth motor circuit characteristic data, thls
,J

,_ information has the potential to det .t degradation In performance at an earlyj,

_"_ point In time.oo_

:f' 3.2. _ External Leakage

_-'_," The question o_ external leakage _onttoring is

=- ,_ currently under evaluation. Assuming such monltorln_ would be confined to

:: areas of housing seals and line/houslng Joints, it is possible that some

": s,Jrt of resistance temperature wire wlth or without a collecting duct or

:. manlfold could be devised that could sense the onset of such leakage. Whether

_/" such a detection system could quantitatively assess leakage rates is question-

' able. Another posnihllity is desi_nin_ eact, Jotn_ with a double seal with ao ..

o ';.

, •, ',

,, ,, ' , _ o U __ .:,..
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leak collection cavity between them. Monitoring of the buildup of pressure

In this cavity could provide an indicator of inner seal degradation. A third

possibility would involve a syste_ of collecting ducts or manifolds that

would assemble all of the leakage from all the external Joints in a given

replacement module. A flow meter could be incorporated that would monitor

total moduZe external leakage.

3.2.5 Gimbal Actuators

The glmbal actuators, llke the valve actuators, will
/!

have three continuous position indicators that can be used to assess response !

rate and indicator degradation. Motor current could also be measured, i

Addltlonal trend data parameters,under conslderat_on are housing pressure, I

act_mtlon rate_ and shaft load. Housing pressure could be monitored to detect

early leakage of pressurant which might lead to mechanical blndup In certain "i

designs. Actuation rate, which may be required for control purposes, could i

also be of value in incipient trend detection. Shaft load, measured as strain, .:

could help distinguish between mechanical and electrlcl degradation trends.

3.3 NOZZLE ASSEmbLY

3.3.I Introduction

Unlike valves and the TPA which have moving component

parts, the nozzle should be free of trend characteristics involving physical

surface wear. Some degradation trend possibilities do exist, however, ds a

result o£ such originating mechanisms as coolant borne contamlantlon and hot gas

erosion. Structural degradation is also conceivable as a result of fatigue

induced by vibration, thermal cycling, and pressure cycllng. The monitoring

of the progression of such failure modes is difficult, and is complicated

by the trade off between detection accuracy, freedom from false alarms, and

_ completeness of coverage. The results of analysis to date have indicated

• that reasonably effective :overage of most trends is possible; however, some

addttlonal Instrumentation development will probably be required.
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3.3.2 Contamination/Tube BlockaR _

The blockagu of coolant tubes by contamination

_, from other sources such as valve seat wear, internal surface spalllng of lines

from meteorite Impoct, etc. is a potentlal failure mode. Depending upon the

location of the blockage and the number of tubes affectedj the loss _f coolant

flow could-have a variety of effects ranging from none to nozzle Jacket melt-

through and ejection. Under consideration to detect such effects is the use

of circumferential twin wire temperature sensing cable mounted externally

in both converging and diverting sections. Although such devices can only

detect the maximum temperature being experienced at some point on the exterior

circumference and not the extent or location, it appears to be the most

rellabl.emeans available for detecting impending melt-through or overheating

of the Jacket exterior surface. An alternative technique which would.-detect

the effects of tube blockage (followed by melt-through) is the mounting of

detectors on the torus to detect plume temperature changes or irregularities.
il

__ 3.3.3 Hot Gas Erosion of No=zle Tubes

The erosion of the inner surface of the nozzle particularly

in the barrel and convergent sections, by hot exhaust gas is a possible long

term deterioration trend. The effects of such erosion could be Internal leakage

into the nozzle, and posslbly loss of coolant to a portion of the eroded tube.

=_:r_ Coolant loss to a significant number of adjacent tubes would be detectable by

/!i_i surface exterior temperature abnormality. Depending on the rate of internal

_ .li_ coolant leakage, the resulting reduced flow through the reflector might be

_! detectable by a combination of pressure and temparature measurements at the

-_:il nozzle Inlet torus, the reflector inlet, and by an increase in reflector
_j" material temperature. Further detailed analysis is required to determine

_ :'I.'_, the rellabillty and sensitivity of such a monitoring technique.r o_:

:,:_ 3.3.4 Tube Nail Thermal BucklSng

[

,, Tube wall buckling, induced by thermal cycle

• ( fatigue in the barrel section, could result in the leakage of coolant into
.

#
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the core exit plenum. In addition to resulting in loss of reflector

coollng capability, this leakage might also lead to a temperature drop in

the core exit plenum and result in loss of specific impul_e, This temper-

ature drop is potentlally detectable by a combination of core exit plenum

temperature and SSCV position. Further analysls of controls loglc is required

to valldate this monitoring mzthod..

3.3.5 Vibration Fatigue and Pressure Cycle Deformation

The cracking of the nozzle Jacket or coolant tubes

as a result of vibration f_tlgue or pressurization cycle effects is a

posslble deterioration mode that is dlfflcult to detect at the early stages.

Some consJderatlon is being given at present to the mounting o_ accelerometers

on the nozzle flanges to estimate cumulatlve _atlgue damage. The detection

accuracy and fa]sealarm rate of such a monitoring method have yet to be'

evaluated.

3.3.6 External Leakage Through Nozzle/Extenslon Joint

Pzogressive external hot gas leakage through the

nozzle/extenslon Joint Is potentlally detectable by the use of clrcum£erentlal

tvln vlre temperature sensing cable mounted externally over the probable

leakage path.

3.3.7 Hot Gas Corrosion of Nozzle Extension
i

Interaction of hot CH2 elth carbon of the nozzle

skirt is not expccted to occur at a slgn_flcant rate. The detection of

excessive corrosion, If it were to occur, is complicated by an environment

extremely Inhospltable to InstrtmJentation. Temperatures on the exterior

surface ranging from 2850°R at the _olnt to 2050°R at the exit plane require

that most conventional instrumentation mounted there must also be liquid cooled.

Thus even if some type of ultrasonic thickness gage could be developed tlmt

could operate in the radiation environment, several problems in mounting and

protection would h_ve to be overcome. An alternative concept of using infra-

red cmls,Jion sensors to d_tect uneven heat radiation patterns on the nozzle

1-S
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extension exterior surface is complicated by problems of radiation hardening

_ and signal discrimination. The use of twin wire metal sheathed temperature sens-

ing cable might also be feasible if it could withstand the temperature environ-

! meat.

! 3.4 PRESSURE VESSEL AND CLOSURE

3.4,1 Introduction

', As with the nozzle, the trend character=tstlcs of

the pressure vessel are essentlally those of the non-wear type of degradation.

Host prominent mechanisms are those involving fatigue due to vibration and

_ pressure cycllng. Cumulative creep effects on the pressure vessel wall due

to heating from nuclear radiation must also be consldered should the coollng

capabillty be reduced for any reason. Leakage through Joints between the

pressure vessel and'the closure and nozzle and between the closure and drum

_. actuator housings and the inlet and outlet llxes is also a potentlal trend

_ characteristic.

i = 3.4.2 Fatisue Due to Vibration

Metal fatigue due to effects of vibration, pressure

and thex_al cycling is a potential deterioration mechanism. Three monitoring

methods are conceptually appllcable, however, all present difficulties in

_ mounting or in signal analysis. The strain gage type of cumulative fatigue

i" damage sensor has intuitive appeal; however, problems with bonding degradation

in the radiation environment coupled with the historlcal rellabillty problems

:_ of strain gages in general would have to be overcome. Stress wave accoustlcal

,_ techniques ha_e been suggested which monitor crack growth by recording both

" £requeucy and amplitude of mlcrocrack propagation. They have also been

reported to be capable of detecting progrcsslve embrlttlement due to radiation

damage, working of Joints, and leakage of fluid. A prime factor tending to

limit the reliability of this detection technique is the presence of obscuring

background noise that must be filtered out. Anot!:er candidate for evaluation

_:i_,: is the monitoring of crrnlted ultrnsonJc slgnals for t._icrocrack attenuation.

_,' Tests on fatigue specimens have shown that as cyclical fatigue damage bullds
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: up, the ultrasonic signal between transmitter and receiver is attenuated.

_i_ However, problems in coverage, mounting techniques, and discontinuity sensl-
L'I

_ tlvlty would have to be resolved. ..

)_ 3.4.3 External Leakage Through Joints
"k •

The external Joint leakage through the pressure

{ii vessel/forward closure _olnt, the CDDA Joints, a_d the dome/line JoLnts are

F_}II primarily cold gas/hlgh pressure problems. Candidate dete_tion techniques

ii_ would use collector ducts or cavities clrcumferential.with resistance tempera-

ture transducers sensing the leakage of GH2 by bolts and seals. Quantitative
,_ leakage rate assessment would require a flow meter mounted in common collection

-':_

i_; manifold.

5_1 •

3.4.4 Cree_./Dlstortion

;iX If distortion from successive pressurization cycles

_) is considered a possibility, its effect could be measured by strain gages

<:'_ dl_ectly implanted In the bolts or on the adjacent Joints. Simllarly,.the

_ creep of the pressure vessel wall resulting from nuclear radiation heating

in conjunction with reduced coolant capability could be measured by strain gages

[_:i in conjunction with reflecto_ coolant and pressure vessel external wall

temperature.

:,_ 3.5 EXTERNAL SHIELD

',l

} 3.5.1 I ntrpductlgn

I The principal function of the external shield is to

_! pro_ect the crew against excessive radiation, As no moving parts or
[

! fluids are involved, the primary types of deterioration that might be

:oi expected would fall Into the metalurglcal/chemlcal category. Two posslble
d

:i approaches to monitoring such trends exist. These are cause-rnvlronment

ii. monitoring of temperature and vibration environment to detect if design

_!' conditions are exceeded and end-effect monitoring of lo_s of radiation

_! attenuation capability. At the present time, end effect nonitoring appears

more reliable if mounting location problems can be overcome,

, 'L_
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3.5.2 'Attenuation Degradation

!_.. Degradation of radiation attenuating capability

i:._" of the shield could occur as a result of cracks in the lithium hydride or

i'__" borated graphite caused by vibration or thermal cycling. In addition, excessive

_' temperature could cause lead melting or outgasslng of ll_hlum hydride to the

_)'_ extent that attcnuatlon capability is reduced. Provided that mountlng problems

can be resolved, it would appear that sensors capable of detecting the trans-

_. mission of gamma, fast neutron, and thermal neutron radiation through the
i)
_:_ shield would be the most direct and effective means of detecting shield degrada-

:_ Clon regardless of the cause. Since the current engine layout leaves little

!_;_ space direc_iy above the shield, it may be necessary to mount such detectors

_ forward of the gimbal plane where the signal will be complicated by scatter

_'_: from the in_ezwening components. If the primary purpose is to provide crew :

_ (and not engine component) protection, this more remote location may be

_!.!! fully acceptable,

_>:_ ( The alternative approach to shield degradation monitor-

_::. lag would employ a combination of temperature and vibration sensors. Since

_i these"would be monitoring damage potential and not effect magnitude, they would
_>_',

:} provide a less reliable means of trend monitoring.

.....j:: 3.6 LINES (INCLUDING JOINTS, BELLONS_ ETC.)

!;iI 3.6.1 Introduction

_):! Deterioration _rends of the lines are similar to the

!iI pressure vessel in that they primarily involve fatigue a_d leakage

_i mechanisms. Fatigue damage can occur at various locations in the lines

_!I and Bellows as well as at the Joints, fittings, and attachment brackets.External leakage potential exists at the many Joints between modu!e inter-

! _aces,

3.6.2 Vlbratlon_ Temperature_ Pressure and Actuation
1 Cycle FatiRue

!i The most practical approach would be to mount
i"

o.:i'" 3-!1
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cumulative fatigue damage sensors at those locations deemed most susceptible

to crack initiation. Foll gages wc,ld appear to be more sultable than either

passive or active ultrasonic techniques. These gages, which are bonded

directly to the.surface# will indicate increased resistance as the materlal

is subjected to repeated cyclical loading. A departure from a linear resistance

vs log cycle relatlonshlp is a warning o£ inareased llkellhood of fatigue

cracking; however, remaining cycles to failure is not always defined, unless

previous tests to failure have been run with similarly mounted devices

implanted. Primary candidates fox mounting locations would include the

bellows on the pump inlet lines and the coolant supply llne at the glmbal plane

since these see actuation cycles in addition to the vibration, temperature,

and pressurization cycles that are present.ln the rest of the lines and bellows.

A limitation of these gages is that, historically, many fatigue crack induced

failures have initiated a_ sites of machining or _abrication dlscont_.nulties

rather than at the locatlon of maximum stress concentration predicted by the

stress analysis•

3.6.3 External Leakage

The same concept discussed under the TPA would apply

to pipe Joint "leakage. The toll,cOlon of leakage from all Jolnts.£na given

module with duct_.ngthat would lead to a central flow meter for the module
I

would appear most feasible.

3.7 THRUST STRUCTURE AND GIMBAL PIVOTS
f

3.7_ Introduction

Compared to other engine components, the thrust

structure would appear to have an insignificant susceptlb_llty to wear

and deterioration trends. The only exception is the glmbal pivot which could

be sensitive to cyclical fatigue.

3.7.2 Cimbnl Flexure Pivots

These devices, which transmit rotational loads

without introducing surface-to-surface contact, eliminate a potential source

3-12
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of wear by their design. However, fatigue damage is a possibility and

monitoring of this phenomena should be considered. Potential monitoring

methods include measuring of increased resistance tn a bonded fell gage and

attenuation of an ultrasonic signal between a suitably mounted emitter and

receiver.

3.8 NUCLEAR SUBSYSTEM

- 3.8.1 Introduction

The primary trend characteristic o£ concern in the

nuclear subsystem.is, of course, the degradation of the core due to corrosion and

related effects; however, there are other potential deterioration type failure

modes that may warrant monitoring for possible trends. Some of these involve

the buildup of blockage in coolant channels due to coolant borne contamination.

Others _nvolve increasing leakage of coolant or hot gas due.to gradual seal

failure. Other potential failure modes include those involving tlme-dependent

mechanisms of thermal creep, pressure and thermal cycling, and Insulatlon

degradation. Other trend mechanisms, such as those involving the control drum

actuators and the structural support coolant assembly, are very similar to

'i those discussed previously under valves and glmbal actuators. ., -"

3.8.2 Matrix of Interrelatlonships

Because the components of the nuclear subsystem

: are more closely interrelated physlcally,as well as functionally,than many

•. other NERVA.engine subsystems, a good opportunity exists to utillze multlple

: parameter techniques to identify sources to deterioration trends, Table 3-1

• depicts how the principal NSS trend characteristics would be detected by

_ the instrumentated trend parameters. •As can be seen, some characteristics

- _muld require more than one instrumented parameter to verify that an

unplanned trend was occurring. Similarly, the same instrumented parameter

£: could be involved in the detection of several distinctly different trend

characteristics. For example, diffusion of carbon through the fuel element

, { coating would be detectable by a combination of SSCa"valve position, control
drum actuator position, core temperature, and core exit gas temperature.

: Conversely, control drum actuator position would a._o be utilized to detect

_," 3-13
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_.,_, and measure such trend characteristics as binding and distortion of the control

_ :: drums and actuators. The detection of most of the trend characteristics of

_._,. the nuclear subsystem will require, in addition to monitoring a combinstion

,_. of psrameters, a certain amount of analysis and comparison with reference% ,,

i:_!.,_ or base data. For example, the detection or buildup of flow channel blockage
[-".;.i',

_ _ by contamination requires that the computer be able to compare current data

_.:_' with historical data for the similar general engine conditions of propellanth_.V.

'_qi_, flow rate, chamber temperature, etc. in addition to monitoring core inlet plenum

,--_-, temperature core axial _P and support plate temperature.

Matrix type detection techniques similar to this

that are proposed for the nuclear subsystem have been used to control chemical

processes and to detect, and plot aircraft Jet engine deterioration, They have

the advantage of increased discrimination between" failure modes for the-same

or reduced number of instrumented parameters. However, their most successful

applications have been in well characterized and understood systems where

significant amounts of prior experience and data were available to enable develop-

ment of unique characterization pa_terns. Presumably such Information could be

developed for a NERVA flight engine application.

One of the advantages of the matrix detection system

shown is that much of the information needed is either required for control

purposes or can be considered feaslble in terms of the current state of the art,

!_; There are several parameters, however, whose method is still to be determined

or verified. These Include the measurement of exce_sive Internal and external

,_:"o_ leakage flow rates of the SSCV and SSBV and detection of actual drum position

_,_ as opposed to actuator position.

=*..._. Possible detection techniques for external..
!...:.:-\[

:_'_.:,,,:_." and Internal valve leakage are covered under the section on valves and

L_:_.':" glmbal actuators. The detection of drum position, apart f_om actuator
q

i _' position, is only required if it is necessary to distinguish between
! ,/

_- failures involving drum movement as opposed to actuator movement, Such

i_,:. a distinction might be of benefit in determining the proper contingency

i_( action to take; however, further analysis is required to validate the
necessity of such a measurcraent.

! _?
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3.9 XNSTRUMENTATION AND CONTROL SUBSYSTEM j

Several types of deterioration failure modes of the I&C

subsystem would appear to warrant monitoring. One type, common to many I&C

components, involves failure modes that result in increased _urrent con-

sumptlon or reduced bus voltages. Gradual changes in such parameters are

indicative of several potential failure mechanisms and could be monitored

without too much difficulty. Similar drifts in some instrumentatlo_

devices could also be used to detect impending transducer failure. Another

type of trend that could profitably be monitored is frequency of disagree-

ment of voter outputs. Since triple modular redundancy with ma_orlty i

voting will probably be used for a portion of the l&C circuits, the i

incidence of 2 out of 3 votln_ (as opposed to 3 out of 3) could be used

to obtain a good overall measure o_ _e heal_, of a large number of

redundant circuit elements, Such disagreement detectors were incorporated

in the Saturn I/V instrumentation unit and proved useful in assessing _'I

flight readiness. Since triple modular redundancy with majority votln_ i

has the effect of concealing failure of redundant circuits, the extent of _:

iOSS of redundancy would be a useful parameter to know and could probably

be monitored without adding significantly to circuit complexity,

3-16
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'[:" 4.0 "TABULAR SUMMATION OF CI]ARACTERISTICS AND MONITORING HETHODS
9

,; Table 4-1 presents a summation, by major subsystem grouping, of

_?. the Identlfled trend characteristics and the possible monitoring method
¢,.

/i. or methods that could be used. Also shoxvn is the degree to which the ._

:< February 1971 Flight Operational Measurement Requixements List (MRL) shown

.__ in Data Item CI03 con_alns instrumentation capable of providing at least
=%,
_,,' minimal coverage of the identified trend characteristics. The MRL channel<,J

.... numbers referenced are also shown.

',.' 1

1
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_., 6.0 CONCLUSIONS AND RECO}_IENDATIONS

o_,_)_:_ 6. i CONCLUSIONS

:I_;_. (a) Potentlal trend charaeterJstics can be identified in all

o:_:- NERVA engine subsystems.

-;;:_ (b) Techniques for monitoring their progression vary greatly

o/b'_ In feasibility, complexity, and rel_ab_lity.

--:_::i :_, 6.2 RECO,X_IENDATION S

_.,::-,..', (a) Further work in Identifying trend characteristics and selecting

::'::' monitoring techniques should be undertaken as part of an _ntegrated dJagnostics

",.:,:' program that simultaneously considers the requirements for engine controls,

,. trend monitoring, malfunction detection, checkout/verlficatlon, and fault

e,,- ,
'., isolation.

"" (b) Selection (,f optimum flight trend inntrumentation should be

" undertal,,en as a deqign stud,; considering the following factors:- o

'-' (1) Weight and cost

...... ,_" (2) Signal processing complexity

' (3) Reliability of measurement method

, _,'.. (4) Protection provided in terms of failure modes

_°"}.'... detectable, their probability, of occurrence and

-'_ the consequence of failure to detect

_'"_>,:,,._"..', (5) Degree of multiple use for engine operation and the
,_;'?... w_rtous diagnostic functions

1

¢,
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= "' APPENDIX A
=:7( .-

:< A HISTORICAL EVOLUTION OF DIAGNOSTIC FUNCTIONS
_F..:

=.._. A, i INTRODUCTI ON

7: To better understand the function of the trend monitoring and to

I}._ develop optimum parameter selection procedures, a study of its historical

=_, growth pattern In relation to other diagnostic functions was performed. This

_iiil; growth pattern which Is summarized in Table A-I and A-2 was observed to

_[ follow a pattern of increasing scope and complexity.

-:_,;
-o_" A.I.I Checkout Verification and Fault Isolation
=o_,

:, Checkout, verification and fault isolation of aircraft

....i}' systems initially consisted of using ground test equipment to supplement

:} cockpit instr,_aent readings. Additional built-ln-test-equlpment (BITE) was

_o;, _dded to supple_ nt and speed up use of ground test equipment on such craft

°_'. _ as the DC-9. The atest generation aircraft (DC-IO, 747) provide capability

:I for direct status verification of many of the subsystems. The DC-IO, for

:_I example has 45 BITE instrumentation channels wired direct to the cockpit

._ of data that are not required for flight control. The C-5A similarly provides

191 channels (mostly to non-propulslon sy._tem components) that can be directly

";i interrogated tc verify status or track down failures.

• ;[

_":j A similar trend towards increasing checkoul" channel quantity
i

and direct interrogation capability has occurred in launch vehicles and space-

o_i_ craft. Early launch vehicle relied on a collection of separate ground support
" i

°i checkout testers to evaluate the readiness of various different components.

As the complexity of the launch vehicle increased in the Saturn I, it became
o J

<_:_ necessary to consolidate all checkout equipment. This factor, together with

,:, the need to reduce launch pad delays caused by differences in test stand and

I' launch pad equipment, tend.to .the increasing use of on-board (engine mounted)!

:__ test equipment that would increase the probability of getting the same readout
.,?

LI regardless of test site. Increasing use wa_ _ade of :omputer programmed

i _ and directed checFout which automatically _nd scq.entially interrogated the

various components to confirm their flight readiness. Eventually, as much as

,,,:, SOg of all Saturn I checkout was computer controlled with the pi-._gresston to

Saturn V - Apollo seeing even higher percentages. The increasing sophistication

,_I. A- l
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of electronic equipment eventually led to a light weight on-voard computer

for the uprated Saturn I and Saturn V which accomplished a considerable

amount of checkout in addition to on-board analog to digital conversion and

data management. To achieve high reliability, approximately 74% of the

components used triple modular redundancy employing voting elements to detect

and correct errors. Even the flight readiness of this computer itself ;_s

automatically verified by disagreement detectors which noted and recorded the

frequency that the voting elements were detecting one of the three redundant

channels to be in error .....

A.I.2 ....Trend Monitoring

Development of this function has been primarily limited

to aircraft bscuase of the zelatively short service llfe of most space

propulsion systems used to date. Early trend data acquisition was accomplished

by flight engineers on DC8's and 707's manually recording data from cockpit

instruments once a day during steady state cruise conditions. This data was

teletyped to a central location, keypunched, and then analyzed and plotted by

computer. Th& data acquisition was improved on the 727's, DC9's, DCle's and

747's by use of on-board tape recorders. _he CbA on-board computer has capacity

to also do a limited amount of short range trend analysis.

A.I.3 Malfunction Detection and Warning

Initial aircraft systems used warning lights to signal limit

exceedence on critical propulsion and control parameters. More advanced systems

such as DC-10 increased tllenumber of suc5 critical warning parameters and also

provided notice to flight engineers that redundant components (not immediately

critical) had failed. The most advanced system is 'that on the CSA which uses

an 8000 word on-board computer to direct continuous monitoring of 802 parameters.

If one parameter goes out of specification, it is identified by printout and

compared with others in the same subsystem. If logic confirms failure, a failed

status confirmation is also printed out.

The progression from Atlas/Mercury to Titan/Gemlni to

Saturn/Apollo launch vehicles has seen significant changes in the concepts of

A-4
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i' what tilelaunch vehlcle malfunction detection system is to accomplish.

,_. Starting with a system orlented towards automatic detection and abort5'

i:l_ implementation for Mercury, the trend towards greater and greater dependency

_i on cre_ initiated abort led from a monitoring of 13 channels on Titan/Geminl
to a total of 39 for Saturn/Apollo. Accompanying this increasing quantity

E-i_}) trend is a movement towards monitoring later and later during the failure mode

_ progression to minimize the probability of false abort.

Paralleling the increase In launch vehicle malfunction ..

_i ! parameter monitoring has been an increase in the amount of spacecraft mal-

_i: function detection instrumentation, For the Apollo flights, a total of 60

_!_ parameters were contlnuallv monitored by the on-board caution and warning

i system. An additional 180 parameters were telemetered to the ground and :
observed in consoles at mission control.

=_i The development and growth of launch vehlcle/spacecraft

_i'_!i malfunction and warning systems has been complicated by the fact that the

o_ % launch involved critical parameters for a short duration as opposed to the{:.

!,);
J=._' longcr duration requirements of spacecraft. From the 13 launch vehicle

E-{_ parameters on Titan/Gemlnl the total has grox.m to 39 for the Saturn V. The

_i Apollo spacecraft has a total of 60 parameters in its cautlon and warning

_/ system, backed up by an additional 180 parameters telemetered to the ground.

_.._. A,2 EVOLUTION OF TECHNIOUES FOR SELECTING DIAGNOSTIC INSTRUmeNTATION

• ,p_l

i-;_L

functions that the technlque of selecting the parameters to be monitored also

_" has experienced an evolutionary change. The early systems appear to have been

_%)'. developed on a trial and error basis making maximum use of existing or con-

_i ventlonal instrumentation. As experience was gained, it became apparent that
;V'

_;. regardless of the diagnostic functions - checkout, trend monitoring, or

:"_ malfunction detection - highly reliable, rapid diagnosis could not be obtained

:%1: by using exlstl_g or conventional instrumentation a3one. More and more it

0t:: became necessary to add instrumentation at a lower component level or to develop

:.i,;; new Instrumentation that could detect failure _odes at an earlier point in

, !

'_' A-5

'L
_ n

' ....... " ' ' " !"':":": ....; " 'O00000O;:TSB03



their progression than conventional instrumentation could. Yhe

selection of this added or new instrumentation required a good under-

standing of the manner in which subsystems and systems fatled and it is,

therefore, not surprising that F_g's, F_CA's and fault tree analyses

were used in developing most of the intermediate diagnostic systems

tabulated and in all of the advanced ones. The most advanced aircraft

system, the C5A, also made use of a ranking technique to select the most

beneficial instrumentation...Eactors considered were:

I Component failure rate

Redundancy

Benefit Variables Effect of failure

Troubleshooting time without added instrument

Time between detection and failure

I Sensor cost

Cost Variables I Signal conditioning complexity
k Weight penalty

.!
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